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Summary

Summary

During corticogenesis, radially migrating cells move from deeper zone to the
marginal zone, but they do not invade the latter. This “stop” function of the
marginal zone is mediated by a number of factors, including glutamate and
GABA, two main neurotransmitters in the central nervous system (CNS). In
the marginal zone, GABA has been shown to be released via GABA
transporters (GAT)-2/3, whereas glutamate transporters (EAATS) operate in
the uptake mode. In this study GABAergic postsynaptic currents (GPSCs)
were recorded from Cajal-Retzius cells in the marginal zone of murine
neonatal neocortex using whole-cell patch-clamp technigue. Minimal electrical
stimulation was applied to elicit evoked GPSCs using paired-pulse protocol.
We report that EAAT blockade with DL-TBOA, a specific non-transportable
EAAT antagonist, abolishes constitutive GAT-2/3-mediated GABA release. In
contrast to DL-TBOA, D-aspartate, an EAAT substrate, fails to block GAT-2/3-
mediated GABA release. SNAP-5114, a specific GAT-2/3 antagonist, induced

an elevation of intracellular sodium concentration ([Na*]j) under resting

conditions and in the presence of D-aspartate, indicating that GAT-2/3

operates in reverse mode. In the presence of DL-TBOA, however, SNAP-
5114 elicited [Na™]j decrease, demonstrating that GAT-2/3 operates in uptake
mode. We conclude that EAATSs via intracellular Na* signaling and/or cell
depolarization can govern the strength/direction of GAT-mediated GABA
transport. Next we investigated short-term plasticity of synaptically-activated,
glutamate transporter-mediated currents (STCs) in cortical layer 2/3
astrocytes. STCs were elicited by local electrical stimulation in layer 4 in the
presence of ionotropic glutamate (AMPA and NMDA), GABAp, and GABAR
receptor antagonists. In experiments with low [Na*]; (5 mM) intrapipette

solution, STCs elicited by paired-pulse stimulation demonstrated paired-pulse
facilitation (PPF) at short (<250 ms) inter-stimulus intervals (I1SIs) and paired-
pulse depression (PPD) at longer ISIs. In experiments with close to

physiological, high [Na*]j (20 mM) intrapipette solution, PPF of STCs at short

ISIs was significantly reduced, while PPD at longer ISIs was not affected. In
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Summary

addition, the STC decay kinetics were slowed in the presence of high [Na*];.

Exogenous GABA increase astrocytic [Na'];, reduced the mean STC

amplitude, decreased PPF at short ISIs, and slowed STC decay kinetics. All
GABA-induced changes were blocked by NO-711 and SNAP-5114, GABA
transporters (GATS) antagonists. In experiments with the low intrapipette
solution, GAT blockade decreased STC PPF at short ISIs both at room and at

near physiological temperatures. Astrocyte dialysis with low [Na*]j solution

increased the amplitude and resulted in PPD of field potentials recorded in

the vicinity of the astrocyte. Thus, we conclude that 1) short-term plasticity of
STCs is dependent on [Nat]j and 2) GATs may influence EAAT-mediated

glutamate uptake and thus the rate and efficacy of glutamate removal
(Dvorzhak et al., 2012;Unichenko et al., 2012;Unichenko et al., 2013).
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1 Introduction

1 Introduction

1.1 Neuroglia

A term "Neuroglia” was first introduced by Virchow in the middle of the XIX
century. Virchow meant by “glia” a form of connective tissue which surrounds
neurons. Since the "connective tissue" of the brain was different from that in
other organs, Virchow used a term «Nervenkitt», or «neuroglia” (Somjen,
1988).

The main difference between neurons and glial cells is the ability for
generation of action potentials (APs). Being unable to generate action
potentials, glial cells had been considered as a passive element which had
mainly trophic/homeostatic function (Bacci et al., 1999). The point of view on
glial functions has dramatically changed during the recent decades (Halassa
et al., 2007;Santello et al., 2012). Glial cells express a number of voltage- and
ligand- activated ionic channels, as well as the metabotropic receptors (Porter
and Mccarthy, 1997). This allows glial cells to respond to neural activity
(Rouach et al., 2004;Volterra and Steinhauser, 2004) and even modulate it
(Araque et al., 1999;Poskanzer and Yuste, 2011;Rouach et al., 2008).
Currently four main types of glial cells are identified in mature brain:

oligodendrocytes, ependymal cells, microglial cells and astrocytes.

1.2 Astrocytes

1.2.1 Main types and functional properties of astroglial cells

The term "astrocyte" was first introduced by M. von Lenossek for description
of star-shaped glial cells (Lenhossek, 1891). Astrocytes are very
heterogeneous subpopulation of cells in the brain (Matyash and Kettenmann,
2010). Astrocytes are found in almost all parts of the CNS. In the cerebellum
and retina are two types of extended radial-like glia: Bergman glia and retinal

Muller cells, respectively. Despite morphological differences, Bergman glia
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and Muller cells are quite similar to the cortical astrocytes, particularly in
terms of their functions, microanatomic structure of perisynaptic processes
and expression of receptors and neurotransmitter transporters. Astrocytes
have a significant number of processes surrounding neuronal synapses
(Danbolt, 2001). This is defined by one of the most important astrocytic
function — neurotransmitter uptake from the synaptic space (Auger and
Attwell, 2000;Diamond, 2005;Lopez-Bayghen and Ortega, 2011). Having a
number of contacts with blood capillaries (Fig. 1), astrocytes can serve as
part blood-brain barrier (Kovacs et al., 2012).

Figure 1. Astrocytes in somatosensory cortex (sulphorhodamin 101 staining).

The other major role of glial cells and, particularly, astrocytes in CNS is
potassium uptake form the extracellular space (Kressin et al., 1995).

1.2.2 Electrophysiological properties of astroglial cells

Electrophysiological properties astroglial cells strongly vary depending on the
type and age of an animal. The main electrophysiological difference between
astrocytes and neurons is the inability of astrocytes to generate AP. Mature
astrocytes are not able to generate APs, because astrocytes, unlike neurons,
do not express a sufficient number of voltage gated sodium channels. In

mature “simple” astrocytes potassium conductivity of cell membrane is
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considerably higher than that in neurons. Hence the resting membrane
potential in astrocytes is closer to the potassium equilibrium potential than
that in neurons. If a typical neuronal resting membrane potential is
approximately -70 mV, the resting membrane potential in astrocytes is
approximately -80 mV (Kressin et al., 1995). Mature astrocytes have a very
low membrane resistance, not more than tens of mega Ohms (Schroder et
al., 1999). Low membrane resistance is a consequence of high potassium
conductance (Kressin et al., 1995) significant expression of gap junctions with

adjacent astrocytes (Giaume and Mccarthy, 1996).

1.2.3 lonotropic and metabotropic receptors in astroglial cells

Astrocytes express a large number of ionotropic and metabotropic receptors
(Bowman and Kimelberg, 1984) glutamatergic, GABAergic, adrenergic,
purinergic, serotonergic and other receptors. Activation of these receptors is
functionally associated with a change in membrane potential or with activation
of intracellular signaling cascades, such as activation of phospholipase C or
adenylyl cyclase. Expression of the receptor by astrocytes extremely
heterogeneous and dependent on astrocyte localization, age of animal, and
can vary in reaction to the injury. It is also shown that the receptors can be
activated by neurotransmitters released into the synaptic terminals of neurons
(Porter and Mccarthy, 1997). This means that neural activity has a direct
effect on astroglia via membrane receptors (Giaume, 2009). Besides receptor
astrocytes express various neurotransmitter transporters (Gadea and Lopez-
Colome, 2001a;Gadea and Lopez-Colome, 2001b).

1.3 Glutamate and GABA transporters in CNS

1.3.1 Transporters in glial and neuronal cells

Neurotransmitter transporters on membrane of glial cells are responsible for
uptake of released neurotransmitters (Bergles and Jahr, 1998) from synaptic
cleft during the synaptic transmission. The need for effective glial

neurotransmitter removal is dictated apparently by limited area available on
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the presynaptic and postsynaptic membranes of neuronal cells. Physical
limitations restrict the location of a large number of neuronal transporters near
sites of neurotransmitter release. Surrounding glial cells provide additional
surface for enhanced neurotransmitter clearance by high affinity transporters.
It has a direct impact on the concentration of neurotransmitters in
juxtasynaptic space. Controlling the excitation/inhibition balance in the brain
astrocytic processes become an important part of synapse (Angulo et al.,
2004). Thus, synapse nowadays is considered as tripartite synapse (Halassa
et al., 2007;Perea et al., 2009;Santello et al., 2012). Since glutamate is the
major excitatory neurotransmitter, and GABA is the major inhibitory
neurotransmitter in the adult cortex, the most important transporters
contributing to excitation/inhibition balance are glutamate and GABA

transporters.

1.3.2 GABA transporters

There are four known GABA transporter to date: GAT-1, GAT-2, and GAT-3
and betaine-GABA transporter (BGT-1) (rat nomenclature). Molecular studies
have shown that the GAT-1, GAT-2, and GAT-3 are high affinity GABA
transporters; affinity of BGT-1 for GABA is lower. Activity of GABA
transporters is strongly dependent on transmembrane sodium gradient.
Chloride ion concentration is also important for the transport of the GABA.
However, presence of chloride ions in the absence of Na* is not sufficient for
the transporter functioning. Transporters GAT-1, GAT-2 and GAT-3 have the
following stoichiometry: 2Na*:1CI:1GABA (Eulenburg and Gomeza, 2010)
(Fig. 2).
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GAT EAAT
K+
+ :
2Na™ | Cl 3Na+ H*
GABA Glutamate
[Na*]

Figure 2. Glutamate and GABA transporters.

GAT -1 - the most common GABA transporter in the CNS. In situ hybridization
showed that the vast majority of cells expressing GAT -1 are neurons, and a
small number of the cells are astrocytes (Conti et al., 2004). According to the
earlier immunohystochemical studies GAT-2 is expressed exclusively in
ependymal and choroid plexus cells and in the leptomeninges (Conti et al.,
1999). The highest expression level of GAT-3 is found in the cortex. GAT -3
was predominantly detected on the distal astrocytic process near the synaptic
contacts (Minelli et al.,, 1996), thus contributing to the modulation of
GABAergic synaptic transmission (Conti et al., 2004). Although glutamate
level in the extracellular space is primarily controlled by glutamate
transporters (Huang and Bergles, 2004), GABA transporters are probably
also involved in the modulation of glutamatergic synaptic transmission, for

example via release of GABA, which may tonically activate GABAR receptors

on presynaptic or postsynaptic compartments.

1.3.3 Glutamate transporters

In the CNS, glutamatergic neurotransmission proceeds with high temporal
and spatial resolutions. Synaptically released glutamate diffuses through the
synaptic cleft and activates postsynaptic receptors, eliciting a postsynaptic
current. Glutamate effects on receptors are terminated by diffusion and by the
actions of glutamate transporters (EAATs for excitatory amino acid

transporters). To date, five subtypes of glutamate transporters are known:
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EAAT1 or GLAST (glutamate-aspartate transporter), EAAT2 or GLT-1
(glutamate transporter 1), EAAT3 or EAAC (excitatory amino acid carrier),
EAAT4 and EAATS5. EAATs localisation depending on the type is highly
nonuniform: EAAT3, EAAT4, and EAATS are primarily located to neurons,
whereas EAAT1 (GLAST) and EAAT2 (GLT-1) are primarily expressed in glial
cells in adult animals (Danbolt et al., 1998;Levy et al., 1998;Rothstein et al.,
1996). Glial EAATSs shape the time course of postsynaptic responses and limit
spillover of glutamate to adjacent synapses (Huang and Bergles,
2004;Tzingounis and Wadiche, 2007).

EAATS5 perhaps the most scantily explored transporter of EAAT family.
EAATS5 expressed exclusively in bipolar cells of the retina. Also in this
transporter was detected in some amount in Muller glia (Arriza et al., 1997).
The other EAAT with the same specific localization area is EAAT4. EAAT4 is
a major neuronal glutamate transporter in the cerebellum. Purkinje cells in the
cerebellum also express EAAT3, but only in small amounts (Danbolt, 2001);
(Otis and Jahr, 1998). EAAT3 in the greatest number found in hippocampus,
cerebellum and basal ganglia. EAAT3 expressed in glutamatergic and
GABAergic (e.g., cerebellar Purkinje cells and motor neurons of the spinal
cord) neurons. It is also detected in retinal horizontal amacrine and ganglion
cells, as well as in cones, but not in Muller glia cells. It is believed that EAAT3
localized mainly in neuronal rather than glial cells (Danbolt, 2001). However,
in some studies EAAT3 was found in astrocytes (Conti et al., 1998).
Interestingly, EAAT3 knockout mice do not demonstrate severe anatomical
and behavioural deviation except dicarboxylic aciduria (Peghini et al., 1997).
EAAT2 as well as EAAT1 is one of the most common glutamate transporters
in the brain. EAAT2 in a large quantity is expressed in the hippocampus.
Despite the fact that the EAAT2 mRNA was also detected in neurons the
principal place of expression are astrocytes. EAAT2 was not found in neurons
of the normal adult CNS (with the exception of retina). EAAT2 is expressed in
the hippocampus, cerebellum, neocortex, striatum and thalamus (Danbolt,
2001). EAATL is widely expressed throughout the CNS. EAAT1 — the major
transporter in the cerebellum, inner ear, near ventricular structures and in the
retina. The EAAT1/EAAT?2 ratio varies in astrocytes from different regions of
the CNS (Danbolt, 2001). According to Anderson and colleagues, EAAT1 is
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present in the cerebral cortex and cerebellum of rodents from birth, whereas
EAAT2 can be detected only after the third postnatal week, reaching an
amount of typical adult brain to the 5th week (Anderson and Swanson, 2000).
In the greatest number EAAT1 was found in areas near various parts of
neurons, and to a less extent — close to blood capillaries, endothelial or pia
mater (Danbolt, 2001). As EAAT2, EAATL1 is an important transporter in the
CNS. Although EAAT1-deficient mice survive and are able to fulfil simple
tasks in behavioural experiments, but these mice are not able to solve more
complex motor tasks. These mice are significantly more vulnerable to various
injuries and brain ischemia (Watase et al., 1998).

Effective glutamate clearance from the synaptic cleft makes possible precise
synaptic transmission with high frequency and resolution. Turning off one of
the elements of reuptake leads to functional and developmental deviations in
the CNS. Although the single EAAT1 or EAAT2 knockout is viable in mice,
Double EAAT1 and EAAT?2 deficient mice do not survive at all (Stoffel et al.,

2004). Because transport of one glutamate anion is coupled to the co-

transport of three Na* ions and one proton and to the counter-transport of
one potassium ion (Levy et al., 1998;Zerangue and Kavanaugh, 1996),

EAATs are electrogenic and its efficacy is highly dependent on

transmembrane Nat ion gradient (Fig. 2).

1. 4 Nat homeostasis and dynamics in astrocytes

Na* ion concentration in astrocytes is regulated by Na* permeable channels,

exchangers and transporters (Fig. 3, (Kirischuk et al., 2012)).
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Figure 3. Na* signalling in glial cells (Kirischuk et al., 2012).

First of all [Nat]; is regulated by transmembrane Nat/K* ATPase which
exchanges 3 sodum ions by 2 potassium ion. This is a basic mechanism for
Na* removal from astrocytic cytosol. The other three main mechanism

mediating Na* dynamics in glial cells are activation of ligand gated ionotropic
receptors, activity of transporters and sodium calcium exchangers (NCX).
During the elevated neuronal activity NCX is supposed to extrude the high

level of Ca2t ions from the neuronal synaptic terminal. Since in this process
Ca2* ion is exchanged with 3 Na™ ions, activity of NCX is one of the major
sources of Na* influx in neurons (Lee et al., 2002). Glial cells do not generate
action potentials, and so far even though astrocytes express NCX, its activity
should not strongly influence [Na*];.

Experiments with specific glutamate transporters blocker DL-TBOA showed
that EAAT block lead to increase of extracellular glutamate concentration in
cortex and following activation of NMDA receptors and generation of epileptic-
like discharges (Demarque et al., 2004) (the effect was also observed in
immature hippocampus (Cattani et al., 2007)). This data demonstrate that
glutamate transporters are constantly active in the brain, mediating glutamate

clearance from extracellular space. Hence, glutamate transporters are the

source of persistent Na* influx in astrocytes. Na* influx can be also strongly

increased during elevated neuronal activity and glutamate release, like in up-
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states in cerebral cortex, during epileptic discharges and during electrical

stimulation in in vitro/in vivo conditions. Glutamate transport, being electrically
charged, besides the elevation of somatic [Na*];, can also induce measurable

electrical transmembrane currents (Barbour et al.,, 1991). Indeed, EAAT
mediated currents (STCs for synaptically induced transporter mediated
currents), induced by electrically evoked glutamate release from Schaffer
collateral fiber terminals in CAl region of hippocampus were detected in

astrocytes via whole cell recordings(Diamond et al., 1998). The amplitude of
synaptically-induced [Na*]; transients in astrocytes can reach 10 mM and

their time course is surprisingly slow. The decay time constant amounts to
tens of seconds (Bennay et al., 2008;Langer and Rose, 2009;Barbour et al.,
1991). This effect provides a tool for monitoring the process of glutamate
uptake and synaptic release of glutamate in various brain structures
(Unichenko et al., 2012;Unichenko et al., 2013).

However it seems that the largest changes in Na* concentrations take place

not in somatic region of astrocytes, but in near membrane regions on distant

astrocytic processes close to synaptic contacts. In this case local Na*t
concentration changes can be hardly detected by optical imaging technique.

According to the calculations EAATSs reverse potential is near +60mV, that
means that EAATs can be reversed only in pathophisiological conditions
(Rossi et al., 2000), meanwhile theoretical reverse potential for GATs is near -
68 mV(Wu et al., 2007). This means that direction of GABA transport is

strongly dependent on transmembrane Nat gradient, which is in turn
dependent on [Nat];. Consequently, elevation of [Na*]; might change the
direction of GABA transport (Richerson and Wu, 2003;Wu et al., 2007).
Interestingly, GAT-2/3 does operate in the reverse mode in the marginal zone
of the neonatal neocortex (Dvorzhak et al., 2010;Kirmse and Kirischuk,
2006a). GABAergic synapses at Cajal-Retzius (CR) cells, the principal
neurons in the marginal zone of the neonatal murine cortex, experience

presynaptic GABAR receptor-mediated tonic inhibition, because GABA is
constitutively released via GAT-2/3 (Fig. 4) (Kirmse & Kirischuk, 2006a).
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Presynaptic

Postsynaptic GABAA

Figure 4. Ambient GABA constrains the strength of GABAergic synapses at
Cajal-Retzius cells in the developing visual cortex (Kirmse and Kirischuk,
2006a).

From the other hand, as EAATs are Nat-dependent, an increase of [Nat];,

i.e. decreasing of electrochemical gradient for Na®*, directly reduces
glutamate uptake (Barbour et al., 1991). Moreover, intracellular Na* also
influences the cycling time, or turn-over rate, of EAATs (Wadiche et al.,

2006). Because synaptically-induced [Na']; transients demonstrate slow
kinetics, EAAT-mediated Na* entry and/or [Na*]; changes induced by activity

of other Na*-coupled mechanisms, like GABA transporters (Attwell et al.,
1993), can potentially modulate short-term plasticity of STCs and in turn the
efficacy of glutamate removal. Thus, glial transporters are an essential part
excitatory amino acid homeostasis in the CNS. Neuronal and glial glutamate
and GABA transporters represent a single system which controls glutamate
and GABA concentrations in the extracellular space in the brain. However the
interaction between EAATs and GATs, being of great importance and

interest, is poorly investigated (Unichenko et al., 2012).

1.5 Ambient Glutamate and GABA concentrations in the

cerebral cortex
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The major excitatory and inhibitory neurotransmitters in the adult brain,
glutamate and GABA, influence various developmental processes well before
mature synaptic patterns have been established (Owens and Kriegstein,
2002;Represa and Ben-Ari, 2005). Low concentrations of GABA operating via
high affinity GABAc and GABApB (GABARBRs) receptors regulate cell

migration in the cortical plate (Behar et al., 1999a;Lopez-Bendito et al.,
2003;Denter et al.,, 2010;Behar et al.,, 2000), while low affinity GABAA

receptors appear to provide a stop signal to end migration (Behar et al.,

2000). Blockade of GABAA receptors with antagonists or their desensitization

by agonists causes heterotopias in the most superficial cortical layers in vivo,
presumably because the stop signal is missing (Heck et al., 2007). Similarly
to GABA, glutamate is released well before the formation of glutamatergic
synapses (Demarque et al., 2004). Migration of embryonic neocortical
neurons in slice cultures is stimulated by activation of NMDA receptors (Behar
et al., 1999b) and inhibited by blocking NMDA receptors (Hirai et al., 1999).
Local blockade of NMDA receptors in vivo in PO rat pups disturbs cortical
lamination and causes heterotopic cell clusters in the superficial layer
(Reiprich et al., 2005). Interestingly, there is no deficit in cortical layering and
synapse formation in mice in which vesicular release has been deleted
(Varoqueaux et al., 2002;Verhage et al., 2000). Moreover, both NMDA and
GABA receptors are activated by endogenous neurotransmitters even when
vesicular release was genetically ablated (Manent et al., 2005). Thus, both
GABA and glutamate acting on various receptor subtypes play an important
modulatory role during corticogenesis. Although the exact origin of

neurotransmitters remains unknown, extracellular glutamate and GABA levels

are supposed to be mainly determined by Na‘t-dependent glutamate and
GABA transporters (Unichenko et al., 2012).

1.5 Aim of the study

During peritnatal development of the brain, GABAergic and glutamatergic
systems involved in many developmental processes. Both increased and

decreased GABA/glutamate levels in the extracellular space lead to severe
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brain cortical malformations. As astroglial cells express Nat dependent
glutamate and GABA transporters, these cells are mainly responsible for the
setting of the actual GABA/glutamate balance in the extracellular space. To
uncover the astroglial contribution to extracellular glutamate/GABA
homeostasis, the following questions were addressed:
1. What are the maintenance mechanisms of extracellular
GABA/glutamate balance in superficial layers of neocortex?
2. Is there any interaction between EAAT and GAT? If yes, what is the
mechanism(s)?

3. Can astrocytic [Na*]j changes influence neuronal network activity?
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2 Materials and Methods

2.1 Brain slices preparation

All experiments were carried out according to the guidelines for the care and
use of laboratory animals of University Medical Center of the Johannes
Gutenberg University Mainz and the European Communities Council Directive
of 24 November 1986 (86/609/EEC). The study was approved by the ethics
committee of the University Medical Center Mainz. Experiments were
designed to minimize the number of animals used.

All experiments were conducted with pigmented C57BL/6 mice pups of
postnatal days 5-7 (the day of birth was designated as PO) for recordings from
Cajal-Retzius cells and P16-20 mice for recordings from astrocytes. Animals
were decapitated under deep isoflurane anaesthesia. The brain was removed
quickly and transferred into ice-cold saline that contained (in mM): 125 NacCl,
4 KClI, 10 glucose, 1.25 NaH2POy4, 25 NaHCO3, 0.5 CaClp, and 2.5 MgClo
constantly aerated with a 5% CO2/95% O2 mixture (pH = 7.3). The brain was
separated into two hemispheres. Sagittal slices of both hemispheres were cut
on a vibratome (Campden Instruments Ltd., UK). After preparation, slices
(200 um thick) were stored for at least 1 h at room temperature in artificial
cerebrospinal fluid (ACSF) that contained (in mM): 125 NaCl, 4 KCI, 10
glucose, 1.25 NaH2POy4, 25 NaHCOg3, 2 CaClp, and 1 MgClp. pH was
buffered to 7.3 by continuous bubbling with a 5% CO2/95% O» mixture. The

osmolarity was 330 mOsm.

2.2 Electrophysiological recordings from Cajal-Retzius cells
in acute slices

2.2.1 Whole cell recordings from Cajal-Retzius cells
For recordings, slices were placed into a recording chamber (~0.4 ml volume)

on the microscope stage (Axioscope FS, Zeiss) equipped with phase contrast

optics. Slices were submerged with a constant flow of oxygenated ACSF.
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Flow rate was set to 1 ml/min. A 40x water immersion objective was used in
all experiments. Cajal-Retzius (CR) cells were visually selected according to
morphological criteria: 1) location in layer I; 2) horizontal orientation; 3) large
ovoid soma and 4) one thick tapered dendrite typically extended in parallel to
the pial surface. 10 uM 6,7-dinitroquinoxaline-2,3-dione (DNQX, an
AMPA/kainate  receptor antagonist) and 50 uM  DL-2-amino-5-
phosphonopentanoic acid (APV, an NMDA receptor blocker) were added to
the ACSF to block glutamatergic currents, unless otherwise stated.
GABAergic postsynaptic currents (GPSCs) were recorded using the whole-
cell configuration of patch-clamp technique. Intra-pipette solution contained
(in mM): 100 potassium gluconate, 50 KCI, 5 NaCl, 0.5 CaCly, 5 EGTA, 25

HEPES, 2 MgATP, 0.3 NaGTP, pH was set to 7.2 with KOH. The chloride
reversal potential was about -20 mV. Relatively high intrapipette CI-
concentration was used to mimic elevated [CI]j observed in CR cells (Achilles

et al., 2007). Pipette resistance was 3-5 MQ, when filled with the above
saline. Electrophysiological signals were acquired using an EPC-10 amplifier
and TIDA 5.24 software (HEKA Elektronik, Lambrecht, Germany). The signals
were filtered at 3 kHz and sampled at a rate of 10 kHz. Hyperpolarizing
pulses of 10 mV were used to control the access resistance. Only recordings
with a series resistance below 40 MQ were accepted. Series resistance
compensation was not applied. Cells exhibiting more than 20% changes in
the access resistance during an experiment were discarded. The holding

potential was set to -70 mV.

2.2.2 Electrical stimulation

Evoked GABAergic postsynaptic currents (eGPSCs) were elicited by focal
electrical stimulation through a glass pipette filled with the ACSF (about 10
MQ). The stimulation pipette was always positioned within layer I. N-(2,6-
dimethylphenylcarbamoylmethyl)-triethylammonium bromide (QX 314, 2 mM)
was added to the intracellular solution to prevent generation of action
potentials in the tested neurons. An isolated stimulation unit was used to
generate rectangular electrical pulses. Pulse duration was set to 0.5 ms.

Pulse intensity was adjusted to activate a unitary synaptic input (minimal
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stimulation). Stimulation was accepted as minimal if the following criteria were
satisfied: 1) eGPSC latency remained stable (< 20% fluctuations); 2) lowering
stimulus intensity by 20% resulted in a complete failure of eGPSCs; 3) an
increase in stimulus intensity by 20% changed neither mean eGPSC
amplitude nor eGPSC shape (Kirmse and Kirischuk, 2006a). Typical pulse

intensity required for minimal stimulation was between one and two pA.

CR cells receive two types of GABAergic inputs characterized as fast and
slowly rising eGPSCs. Because inputs generating the slowly rising eGPSCs

experience weak tonic GABAgR-mediated inhibition (Kirmse et al., 2007a),

only fast rising eGPSCs (10-90 % rise time less than 1 ms, the mean value -

0.7 ms) have been selected in this study.

2.3 Electrophysiological recordings from astroglial cells in
acute slices.

2.3.1 Astrocyte identification

Sulforhodamine 101 (SR101) was used to visualize cortical astrocytes. The
detailed description of the method is given elsewhere (Nimmerjahn et al.,
2004). Briefly, slices were incubated in the ACSF supplemented with 2 uM
SR101 for 20 min at 36 °C. After loading, slices were stored in the ACSF for
at least one hour at room temperature to ensure SR101 washout from the
extracellular space. Excitation wavelength was controlled by a fast
monochromator system, and a cooled CCD camera was used to record
fluorescence signals (TILL Photonics, Miunchen, Germany). SR101 was
excited at 590 nm. The excitation and emission light was separated using a
610 nm dichroic mirror. Emitted light was filtered using a 630 nm long-pass
filter.

2.3.2 Whole cell recordings from astrocytes

For recordings, slices were placed to the recording chamber (~0.4 ml volume)

on an upright microscope (Axioscope FS, Zeiss, Oberkochen, Germany).
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Slices were submerged with a constant flow of oxygenated ACSF. 10 uM 6,7-
dinitroquinoxaline-2,3-dione (DNQX), an AMPA/kainate receptor antagonist,
50 uM DL-2-amino-5-phosphonopentanoic acid (APV), an NMDA receptor
blocker, 20 uM gabazine, a GABAp receptor antagonist and 1 uM

CGP55845, a GABAR receptor blocker, were added to the ACSF, unless

otherwise stated. Flow rate was set to 1 ml/min using a gravity-driven
superfusion system. A 40x water immersion objective (Zeiss, Oberkochen,
Germany) was used in all experiments. STCs were recorded using the whole-
cell configuration of patch-clamp technique. Two intrapipette solutions were

used. Low [Nat]; solution contained (in mM): 100 potassium gluconate, 50

KCI, 5 NaCl, 0.5 CaClp, 5 EGTA, 25 HEPES, 2 MgATP, 0.3 NaGTP. High

[Na*]j solution contained (in mM): 100 potassium gluconate, 35 KCI, 20 NacCl,
0.5 CaCly, 5 EGTA, 25 HEPES, 2 MgATP, 0.3 NaGTP. pH was set to 7.2

with KOH. Pipette resistance was 3-5 MQ, when filled with the above saline.
Electrophysiological signals were acquired using an EPC-10 amplifier and
TIDA 5.24 software (HEKA Elektronik, Lambrecht, Germany). The signals
were filtered at 3 kHz and sampled at a rate of 10 kHz. Liquid junction
potentials (about 5 mV) were not corrected. The holding potential was set to -
80 mV. Series resistance was controlled by applying hyperpolarizing pulses of
10 mV. Cell capacitance and membrane resistance values were obtained
from capacitance artifacts by mono-exponential fitting. Only recordings with
series resistance below 20 MQ were accepted. Series resistance
compensation was not applied. Cells exhibiting more than 20% changes in

the access resistance during an experiment were discarded.

2.3.3. Electrical stimulation

STCs in layer 2/3 cortical astrocytes were elicited by focal electrical
stimulation in layer 4. Pulses were applied through a glass pipette filled with
ACSF (about 10 MQ). Isolated stimulation unit was used to generate
rectangular electrical pulses. Pulse duration was set to 0.5 ms. In case of
extracellular stimulation, the number of activated fibers remains unknown and

vary from cell to cell. Because the main goal of this work was to investigate
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paired-pulse plasticity of STCs, we inspected whether paired-pulse ratio
(PPR) is dependent on the stimulus intensity. As expected, STC amplitudes
increased as the stimulus intensity raised from 1 to 5 pA. The relationship
between pulse intensity and STC amplitude was approximately linear (Fig.
5A,B), but both STC decay time constant and PPR did not depend on the
pulse intensity (Fig. 5C,D).
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Figure 5. Paired-pulse plasticity of STCs does not depend on stimulus
intensity. (A) STCs elicited by paired-pulse stimulation at 50 ms inter-stimulus
intervals using different pulse intensities. Each trace is an average of 10 responses.
Recordings were performed in the presence of DNQX, APV, gabazine, and
CGP55845. (B) Relationship between pulse intensity and corresponding STC
amplitude. (C-D) PPR (C) and STC decay time constant (D) do not depend on the
stimulus intensity (n=9).

Thus, the number of activated fibers does not significantly contribute to STC
short-term plasticity. To prevent possible cell/fiber damage, a relatively weak
stimulation current (4 uA) was applied in all experiments. Paired stimuli were

applied at frequency of 0.14 Hz (once per 7 s).

2.4 Extracellular recordings
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In this set of experiments the standard ACSF without any receptor blocker
was used. For local field potential recordings a glass pipette filled with ACSF
(3-5 MQ) was place into layer 2/3 at a distance of 50-100 um from a SR101-

positive astrocyte. The latter was approached with a patch pipette filled with
either low or high [Na™]; intracellular solution and cell-attached configuration

was established. Electrical stimulation in layer 4 was similar to that used to
elicit STCs (4 pA, 0.5 ms). Ten paired-pulse stimuli (50 ms inter-stimulus
interval, I1SI) were applied at frequency of 0.14 Hz to acquire control field
potential responses. Then the whole-cell configuration was established by
means of a gentle suction. After at least 10 min of cell dialysis 10 paired-pulse
stimuli (50 ms ISI) were applied at frequency of 0.14 Hz to acquire field
potential responses. Finally, ACSF containing DNQX (10 uM), an AMPA
receptor blocker, and APV (50 uM), an NMDA receptor antagonist, was
applied to block ionotropic glutamatergic transmission. In some experiments
we have also applied TTX (1 uM) to test whether the recorded activity is
action potential dependent (Fig. 6A). Averaged response recorded in the
presence of DNQX and APV was subtracted from the averaged control

response (Fig. 6B).
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Figure 6. Field potentials elicited in layer 2/3 by electrical stimulation in cortical
layer 4. (A) Field potentials induced in control (left), in the presence of DNQX (10
uM) and APV (50 uM, middle) and TTX+DNQX+APV (right trace). Each trace is an
average of 10 recordings. (B) Trace obtained by subtraction of the response
obtained in the presence of DNQX+APV from the control response. PSP is for
postsynaptic potentials. “Pop. spike” means a population spike. Field potential (FP),
i.e. an amplitude of compound response, has been taken for further comparisons.
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Local field potential response consisted of two phases: a slow and small first
deviation (PSPs) presumably reflecting an activation of postsynaptic
receptors followed by a fast response presumably reflecting postsynaptic
action potentials (population spike). Because the first component was
relatively small we were unable to use its slope for comparison. Instead the

amplitude of compound response has been used.

2.5 Ca2t imaging

The detailed description of the method is given elsewhere (Kirischuk and
Verkhratsky, 1996). In this study, we used Oregon Green 488 BAPTA-1

(OGB1) to measure intracellular [Ca2t] changes. Slices were incubated in
ACSF supplemented with 5 uM OGB-1-AM and 0.02% Pluronic F-127
(Molecular Probes, Ore., USA) for 20 min at 36 °C. After loading, slices were
washed twice with ACSF and stored in ACSF for at least 20 min at room
temperature to ensure deesterification. For recording slices were transferred
to the experimental chamber. Excitation wavelength was controlled by a fast
monochromator system, and a cooled CCD camera was used to record
fluorescence signals (TILL Photonics, Minchen, Germany). OGB-1 was
excited at 490 nm. The excitation and emission light was separated using a
510 nm dichroic mirror. Emitted light was filtered using a 530 nm long-pass
filter. Images were acquired and evaluated using Vision 4.0 software (TILL
Photonics). All measurements were performed using 4x4 binning. Exposure
time was set to 400 ms. Acquisition rate was one image per 1 s. The
background fluorescence was calculated from a region in the immediate
vicinity of the tested cell and subtracted. Fluorescence signals were

expressed as relative changes from pre-stimulus levels (AF/Fg).

2.6 [Na*]j measurements

Sodium-binding benzofuran isophthalate (SBFI), a Na*t-sensitive indicator,

was used to measure [Na*]j changes. Using patch-clamp technique we have

31



Materials and methods

shown that SBFI stains mostly astrocytes in the neonatal neocortex
(Unichenko et al., 2012). The detailed description of the bulk-loading method
is given elsewhere (Rose and Ransom, 1996). Briefly, slices were incubated
in the ACSF supplemented with 15 pM SBFI-AM and 0.02% Pluronic F-127
for 40 min at 36 °C. After loading, slices were washed twice with the ACSF
and stored in the ACSF for one hour at room temperature. Excitation
wavelength was controlled by a fast monochromator system, and a cooled
CCD camera was used to record fluorescence signals (TILL Photonics,
Minchen, Germany). SBFI was alternatively excited at 360 and 380 nm. The
excitation and emission light was separated using a 510 nm dichroic mirror.
Emitted light was filtered using a 530 nm long-pass filter. Images were
acquired and evaluated using Vision 4.0 software (TILL Photonics). Exposure
time was set to 400 ms. Acquisition rate was one image per 1 s. The
background fluorescence was calculated from a region in the immediate
vicinity of the tested cell and subtracted. Fluorescence signals were

expressed as a ratio (R = F3g0/F330)-

To calculate resting [Nat]; in cortical astrocytes, we performed the following
calibration experiments (Rose and Ransom, 1996). After the resting
fluorescence had been measured, the ACSF supplemented with 3 uM
gramicidin, 10 uM monensin and 1 mM ouabain was washed in to equilibrate
extra- and intracellular Na*, K* and pH. In the presence of the above

substances, brain slices were perfused with calibration solutions containing

different [Na*] and calibration curve was plotted (Fig. 7).

A SBFI B
0
S 0.3 1 3
e
B~ o
g 02 3 ® Intracellular
L:” O Calibration
0.1 T T T T T T T 1

0 40 80 120
+.
[Na™];

Figure 7. [Na']; in cortical astrocytes. (A) Sample image demonstrates SBFI-
stained cells in a cortical slice. (B) Mean F3gp/F3gp ratio obtained from cortical
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astrocytes (filled circle) and F3go/F3gq ratios obtained with calibration extracellular

solutions containing zero, 20, 40 and 150 mM [Na*] in the presence of gramicidin (3
uM), monensin (10 M) and ouabain (1 mM, open circles).

In line with (Rose and Ransom, 1996), absolute [Na*]; showed linear

dependence on F3go/F3gp ratio provided the former was below 40 mM.

Therefore, we used the mean F3gg/F3gq ratio to obtained the mean [Na*]; in

cortical astrocytes (Fig. 7B).

2.7 Solutions and chemicals

All experiments were performed at room temperature (22-25 OC).
Tetrodotoxin (TTX), CGP55845, SNAP-5114 and NO-711 were obtained from
Tocris (Bristol, UK). All other chemicals were from Sigma-Aldrich (Munich,

Germany).

2.8 Data evaluation and statistics

Data were evaluated off-line using TIDA 5.24 (HEKA Elektronik, Lambrecht,
Germany). mGPSCs were analyzed using PeakCount V3.2 software (C.
Henneberger, Institute of Neurophysiology, Berlin). The program employs a
derivative threshold-crossing algorithm to detect individual mGPSCs. Each
automatically detected event is displayed for visual inspection. mGPSC rise
times and decay time constants (a single exponential fit) can be also
obtained. All results are presented as mean + S.E.M. The error bars in all
figures indicate S.E.M. Differences between means were tested for

significance using paired Student’s t-test, unless otherwise stated.
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3 Results

3.1 Glutamate transporters and presynaptic metabotropic glutamate
receptors protect neocortical Cajal-Retzius cells against over-excitation
Elevation of extracellular glutamate concentration can result in an activation
of high affinity glutamate receptors and synchronous cell discharges. DL-
TBOA, a specific EAAT blocker, has been shown to induce slow oscillations
in layer 4/5 neurons of the neonatal cerebral cortex (Demarque et al., 2004).
The DL-TBOA-produced oscillations were blocked by APV, an NMDA-
receptor blocker, showing that they depend on NMDA receptor activation. To

investigate whether EAAT blockade results in slow oscillations in the marginal
zone, we bulk loaded brain slices with the Ca2* indicator Oregon Green
BAPTA-1 and recorded intracellular [Ca2t] changes using the calcium
imaging technique (Fig. 1A). In this set of experiments, the ACSF did not
contain APV and DNQX, blockers of ionotropic glutamate receptors. DL-
TBOA (40 uM) induced NMDA receptor-dependent oscillations in layer 2/3
cells, but failed to affect the frequency of Ca2* transients in Cajal-Retzius

(CR) cells in the marginal zone (0.022+0.012 and 0.019%£0.011 Hz in control
and in the presence of DL-TBOA, respectively, p>0.7, n=7, Fig. 8).

TBOA

| APV

Figure 8. EAAT blockade did not influence the frequency of CaZ* in CR cells.

Cortical slice loaded with Ca2*-sensitive indicator Oregon Green BAPTA-1 (left) and
DL-TBOA-induced responses in layer 2/3 (1-2) and CR cells (3, right). *P < 0.05, **P
< 0.01, **P < 0.001, ns not significant.

Whole-cell patch-clamp recordings demonstrated that DL-TBOA elicited

repetitive barrages of sPSCs in layer 2/3 cells, but reduced the frequency of
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spontaneous GPSCs (sGPSCs) in CR cells (0.11+£0.05 and 0.07+£0.03 Hz in
control and in the presence of DL-TBOA, respectively, p<0.05, n=9, Fig. 9).
(Dvorzhak et al., 2012)

TBOA

Cajal-Retzius | APV

Layer 2/3 - -

100 s

____________

Figure 9. EAAT blockade reduced the frequency of spontaneous GPSCs in CR
cells. Whole-cell patch-clamp recordings from a layer 2/3 pyramidal cell (bottom)
and CR cell (top). A single discharge is illustrated in the inset. *P < 0.05, **P < 0.01,
***P < 0.001, ns not significant.

3.1.1 EAAT blockade presynaptically inhibits GABAergic transmission
To prevent oscillatory responses in the cortical plate, all following experiments
were performed in the presence of DNQX and APV. Although application of
DL-TBOA slightly hyperpolarized CR cells from -51+2 to -53+2 mV (p<0.05,
n=74), it did not significantly change the membrane resistance (440+31
versus 425129 MQ, p>0.2) or holding current (156 versus 11+6 pA, p>0.3,
n=74, data not shown). These results favour the suggestion that EAAT
blockade leads to a presynaptic suppression of GABAergic transmission to
CR cells. (Dvorzhak et al., 2012)

To corroborate the suggestion, miniature GPSCs (MGPSCs) from CR cells

were recorded in the presence of tetrodotoxin (TTX, 1 uM), a specific blocker

of voltage-sensitive Nat channels. DL-TBOA significantly decreased mGPSC
frequency from 0.08+£0.03 to 0.03+0.01 Hz (n=6, p<0.05, Fig. 10A,B), but
failed to affect the median mGPSC amplitude (28+4 versus 29+5 pA, n=6,
p>0.7, Fig. 10A,C).
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Figure 10. DL-TBOA decreases frequency, but not amplitude of miniature
GABAergic PSCs. A, Sample trace demonstrates mGPSCs recorded before and
during DL-TBOA application. B-C, Statistical data shows DL-TBOA-induced effects
on the frequency (B) and median amplitude of mGPSCs (C). *P < 0.05, **P < 0.01,

***P < 0.001, ns not significant.

Neither the rise time (t10-90%, 0.69+0.07 versus 0.68+0.06 ms, p>0.5) nor

the half-decay time (10.3+0.8 versus 10.7+0.9 ms, p>0.2, n=6, data not
shown) was affected by DL-TBOA. Next we recorded evoked GPSCs
(eGPSCs) using a paired-pulse stimulation protocol (50 ms inter-stimulus
interval). DL-TBOA significantly reduced the mean eGPSC amplitude (11448
and 5115 pA, p<0.0001) and increased paired-pulse ratio (PPR, 1.15+0.06
and 1.75+0.12 in control and in the presence of DL-TBOA, respectively,
p<0.0001, n=55, Fig. 11D-F).
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Figure 11. DL-TBOA inhibits GABAergic transmission presynaptically. D,
Sample traces demonstrate eGPSCs elicited by paired-pulse stimulation in control
(left) and in the presence of DL-TBOA (40 uM, middle). Right panel shows scaled
responses (black line - control, grey line - DL-TBOA). Traces represent an average
of 40 responses. E-F, Statistical data shows DL-TBOA-induced effects on the mean
eGPSC amplitude (E) and PPR (F). *P < 0.05, *P < 0.01, **P < 0.001, ns not

significant.

Thus, we conclude that EAAT blockade results in a presynaptic inhibition of

GABAergic transmission. (Dvorzhak et al., 2012)

3.1.2 Presynaptic mGluRs mediate TBOA-induced effects

Blockade of EAATs leads to an elevation of extracellular glutamate
concentration. Because both AMPA and NMDA receptors are blocked
throughout the experiments, the DL-TBOA-induced effects are presumably
mediated by metabotropic glutamate receptors (mGIuRs). Next, we applied N-
ethylmaleimide (NEM), an uncoupler of pertussis toxin-sensitive G-proteins
(Jakobs et al., 1982;Kirmse and Kirischuk, 2006b). NEM (50 uM) completely
blocked DL-TBOA-mediated effects (Fig. 12A-C).
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Figure 12. DL-TBOA-induced inhibition of GABAergic transmission is mediated
through presynaptic metabotropic receptors. A Sample traces demonstrate
eGPSCs elicited by paired-pulse stimulation in control (left), in the presence of NEM
(50 uM, middle) and NEM plus DL-TBOA (40 uM, right). B-C, Statistical data shows
NEM- and NEM plus DL-TBOA-induced effects on the mean eGPSC amplitude (B)
and PPR (C). *P < 0.05, *P < 0.01, **P < 0.001, ns not significant.

The corresponding values were 7325, 153+37, and 151+38 pA (p<0.01 -
control versus NEM, p>0.7 - NEM versus NEM plus DL-TBOA) for the mean
eGPSC amplitudes and 1.15+0.11, 0.48+0.03, and 0.46+0.06 (n=8, p<0.01 -
control versus NEM, p>0.7 - NEM versus NEM plus DL-TBOA, ANOVA test
and post hoc Student’s t-test with Bonferroni correction) for PPRs. Thus,
EAAT blockade results in an activation of Gjp-coupled receptors, i.e.
metabotropic group Il and Ill glutamate receptors (mGIuR-Il/lll). Next, we
applied LY379268, a selective mGIuR-1l/lll agonist. LY379268 (1 uM)
reversibly reduced the mean eGPSC amplitude (77121 versus 2611 pA,
p<0.01) and increased PPR (1.24+0.11 versus 1.83%0.2, p<0.01, n=7, in
control and in the presence of LY379268, respectively, Fig. 13A-C).
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Figure 13. DL-TBOA-induced inhibition of GABAergic transmission is mediated
through presynaptic mGIuR-1l/lll. A, Sample traces show that LY379268 (1 xM)
reversibly suppresses eGPSCs. B-C, Statistical data shows LY379268 influence on
the mean eGPSC amplitude (B) and PPR (C). Traces represent an average of 40

responses. *P < 0.05, **P < 0.01, **P < 0.001, ns not significant.

We conclude that GABAergic synapses on CR cells express functional
presynaptic mGIuR-II/1ll receptors. (Dvorzhak et al., 2012)

Next, we applied LY341495. At low concentrations (tens of nM) this is a
specific antagonist of mGIuR-Il/lll. However, because pharmacological
characterization of mGIluRs was not the main goal of this study, we used
rather high (40 uM) concentration of LY341495 to block all (or almost all)
MGIuRs. In the presence of DL-TBOA LY341495 (40 uM) increased the mean
eGPSC amplitude from 53+12 to 132+24 pA (p<0.001) and decreased PPR
from 1.51+0.09 to 0.79+0.06 (p<0.001, n=9, Fig. 14A-C).
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Figure 14. LY341495 does not influence GABAergic transmission when applied
under control conditions. A-C, Sample traces (A) and statistical data (B, C),
amplitude (B) and PPR (C). *P < 0.05, **P < 0.01, ***P < 0.001, ns not significant.

Surprisingly, in the presence of DL-TBOA plus LY341495 the mean eGPSC
amplitudes increased beyond the control values (98+19 and 132+24 pA in
control and in the presence of DL-TBOA plus LY341495, respectively, n=9,
p<0.01, paired Student’s t-test with Bonferroni correction). PPR in turn was
significantly smaller in the presence of DL-TBOA plus LY341495 (0.79+0.06)
as compared to control (1.15+£0.07, n=9, p<0.001, paired Student’s t-test with
Bonferroni correction, Fig. 14A-C). Tonic activation of mGIuR-Il/lll under
resting conditions might be an explanation for the obtained data. If this were
the case, LY341495 would block both tonic and DL-TBOA-induced
components resulting in an increase of eGPSC amplitudes beyond the
controls. But if tonic activation of mGIuR-Il/lll exists, LY341495 should
potentiate eGPSCs under resting conditions. However, LY341495 (40 uM)
alone failed to affect either the mean eGPSC amplitude (105+£17 and 103+59
pA, n=11, p>0.7) or PPR (1.17+0.04 and 1.18+0.03, n=11, p>0.8, in control
and in the presence of LY341495, respectively, Fig. 15D-F).
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Figure 15. mGluR blockade potentiates eGPSCs in the presence of DL-TBOA.
D-F, Sample traces (D) and statistical data (E-F) show that LY341495 (40 xM) not
only eliminates DL-TBOA-mediated inhibition of eGPSCs, but results in a
potentiation of GABAergic transmission as compared to controls. *P < 0.05, **P <
0.01, ***P < 0.001, ns not significant.

These results argue against tonic activation of mGIuR-II/lll by ambient
glutamate. Considering that not all mGIuRs are blocked by LY341495, we
applied (RS)-MCPG (500 uM), an antagonist of group | and Il mGluRs.
However, in the presence of DL-TBOA and LY341495 (RS)-MCPG did not
influence either the mean ePSC amplitude (97+5%, p>0.4) or PPR (98+3%,
p>0.7, n=5, data not shown). We conclude that the observed potentiation of
GABAergic transmission in the presence of DL-TBOA and LY341495 is not
mediated by mGIuRs. (Dvorzhak et al., 2012)

3.2 Transporter-mediated replacement of extracellular
glutamate for GABA in the developing murine neocortex
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3.2.1 D-aspartate-induced effects differ from those produced by DL-
TBOA

To further investigate the above observation, we applied D-aspartate, a
transportable glutamate uptake blocker. Similar to DL-TBOA, D-aspartate
slightly hyperpolarized CR cells from -52+3 to -54+2 mV (p=0.17, n=32) and
did not significantly change either the membrane resistance (43122 versus
446+17 MQ, p>0.4) or holding current (17+8 versus 1447 pA, p>0.4, n=32,
data not shown). D-aspartate (100 uM) suppressed the mean amplitude of
eGPSCs (from 128+31 to 56+15 pA, n=9, p<0.05) and increased PPR (from
1.16+0.11 to 1.71+0.18, n=9, p<0.01, Fig. 16A-C).
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Figure 16. D-Aspartate influences GABAergic transmission. (A) Representative
traces demonstrating eGPSCs elicited by paired-pulse stimulation in control, and in
the presence of D-aspartate (100 um) and d-aspartate plus LY341495. (B, C)
Statistical data demonstrating D-aspartate- and D-aspartate plus LY341495-induced
effects on the mean eGPSC amplitude (B) and PPR (C). *P < 0.05, *P < 0.01, ***P
< 0.001, ns not significant.

However, although LY341495 (40 uM) in the presence of D-aspartate resulted
in an increase of the mean eGPSC amplitude, the latter was smaller as

compared to the control value (125+32 and 110+£32 pA in control and in the
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presence of D-aspartate plus LY341495, n=9, p<0.05, Fig. 16 A-C). PPR in
the presence of D-aspartate plus LY341495 (1.33+0.06) was significantly
higher than in control (1.18+0.03, n=9, p<0.05, paired Student’s t-test with
Bonferroni correction, Fig. 5 D, F). (RS)-MCPG (500 uM) applied in the
presence of D-aspartate and LY341495 did not change either the mean ePSC
amplitude (98+4%, p>0.4) or PPR (99£4%, p>0.6, n=4, data not shown). D-
aspartate not only blocks EAAT-mediated glutamate uptake, but it can
stimulate glutamate release via the hetero-exchange mode of EAATS
(Volterra and Steinhauser, 2004) or through cystine-glutamate exchanger
(Bannai and Tateishi, 1986). As a consequence, D-aspartate-induced
elevation of extracellular glutamate level might be higher as compared to DL-
TBOA-induced glutamate increase. To investigate this question, we added
exogenous glutamate (10 uM) in the presence of DL-TBOA plus LY341495.
Exogenous glutamate failed to affect either the mean eGPSC amplitude
(103+6% of control, p>0.6) or PPR (98+3, p>0.5, n=3, data not shown)
suggesting that glutamate levels do not underlie the observed difference
between DL-TBOA- and D-aspartate-induced effects of eGPSCs. Thus,
unexpectedly two glutamate uptake blockers differently affected GABAergic

transmission. (Unichenko et al., 2013)

3.2.2 DL-TBOA abolishes presynaptic GABAgR-mediated inhibition

We have recently reported that GABAergic transmission on Cajal-Retzius
cells is tonically inhibited via GABABRs (Kirmse and Kirischuk, 2006a). To
inspect whether EAAT blockade influences tonic GABAgR-mediated
presynaptic inhibition, we applied CGP55845, a GABABR blocker.

Unexpectedly, CGP55845 (1 uM) failed to influence GABAergic transmission
in the presence of DL-TBOA (Fig. 17A-C).
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Figure 17. DL-TBOA abolishes presynaptic GABAB receptor-mediated
inhibition of eGPSCs. (A) Representative traces demonstrating eGPSCs elicited in
control, and in the presence of DL-TBOA and DL-TBOA plus CGP55845. (B-C)
Statistical data showing DL-TBOA and DL-TBOA plus CGP55865-induced effect on
the mean eGPSC amplitude (B) and PPR (C). ns not significant. *P < 0.05, **P <
0.01, ns not significant.

The mean eGPSC amplitude was 356 and 38+6 pA (n=11, p>0.2) and PPR
was 1.87+0.19 and 1.79+0.17 (n=11, p>0.3) in the presence of DL-TBOA and
DL-TBOA plus CGP55845, respectively. These results allow suggesting that
ambient GABA concentration is decreased in the presence of DL-TBOA.
Because GAT-2/3 releases GABA in the neonatal neocortex (Kirmse and
Kirischuk, 2006a), we asked whether GAT-2/3-mediated GABA release
persists in the presence of DL-TBOA. Surprisingly, this was not the case.
SNAP-5114 (40 uM), a specific GAT-2/3 blocker, applied in the presence of
DL-TBOA changed neither the mean eGPSC amplitude (22+5 versus 236
pA, n=8, p>0.9) nor PPR (1.62+0.10 versus 1.53+£0.09, n=8, p>0.4, Fig. 18A).
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Figure 18. DL-TBOA abolishes GAT-2/3-mediated GABA release. (A) Sample
traces demonstrating eGPSCs elicited in control, and in the presence of DL-TBOA
and DL-TBOA plus SNAP-5114 (SNAP, 40 um). (B,C) Statistical data showing DL-
TBOA plus LY341495- and DL-TBOA plus LY341495 plus SNAP-5114-induced
effects on the mean eGPSC amplitude (B) and PPR (C). *P < 0.05, **P < 0.01, ns
not significant.

Similar results were obtained when SNAP-5114 was applied in the presence
of DL-TBOA plus LY341495 (40 uM). Fig. 18B,C show that also in this case
SNAP-5114 failed to influence either the mean eGPSC amplitude (909
versus 91+11 pA, n=7, p>0.8) or PPR (0.68%£0.05 versus 0.67+0.06, n=7,
p>0.8). Can the DL-TBOA-mediated removal of GABAgR-mediated inhibition

explain the observed potentiation of GABAergic transmission in the presence
of DL-TBOA plus LY341495 (Fig. 15)? To answer this question, we applied
DL-TBOA plus LY341495 in the presence of CGP55845. As expected,
CGP55845 (1 uM) increased the mean eGPSC amplitude from 87+13 to
138+19 pA (p<0.05) and decreased PPR from 1.23+0.07 to 0.87+0.06
(p<0.05, n=6). But DL-TBOA plus LY341495 applied in the presence of
CGP55845 failed to change either the mean eGPSC amplitude (92+7%,
p>0.2) or PPR (102+6% of control, p>0.7, n=6, one population Student’s t-
test, data not shown). We conclude that EAAT blockade with DL-TBOA
eliminates or at least strongly reduces GAT-2/3-mediated GABA release.
(Unichenko et al., 2013)
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3.2.2 D-aspartate potentiates GABAgR-mediated inhibition

Both EAATs and GATs are electrogenic and Nat-dependent transporters.
EAATSs co-transport three Na* ions with one glutamate molecule, while GATs

co-transport two Na*t ions with one GABA. GAT reversal potential appears to

be close to the resting potential of neurons under normal conditions and

elevation of intracellular Na* concentration can change the direction of GABA
transport (Richerson and Wu, 2003;Wu et al., 2007). EAAT-blockade by DL-

TBOA eliminates both EAAT-mediated Na* influx and depolarization and can
potentially reduce GAT-2/3-mediated GABA release. If this is the case, then
D-aspartate, a transportable glutamate uptake blocker, which increases the
EAAT-mediated Na* influx/depolarization, should potentiate GAT-2/3-
mediated GABA release. Indeed, CGP55845 (1 uM) in the presence of D-
aspartate (100 uM) significantly increased the mean eGPSC amplitude (from
5248 to 99+10 pA, n=6, p<0.01) and decreased PPR (from 1.78+0.15 to
1.38+0.07, n=6, p<0.01, Figure 19A-C) suggesting that presynaptic
GABARRSs are activated in the presence of D-aspartate.
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Figure 19. D-aspartate fails to abolish presynaptic GABApR receptor-mediated

inhibition of eGPSCs. (A) Sample traces demonstrating eGPSCs elicited by paired-
pulse stimulation in control, and in the presence of D-aspartate and D-aspartate plus
CGP55845. (B-C) Statistical data showing D-aspartate and D-aspartate plus
CGP55845-induced effects on the mean eGPSC amplitude (B) and PPR (C). *P <
0.05, **P < 0.01, ns not significant.

46



Results

Similar to CGP55845, SNAP-5114 (40 uM) significantly increased the mean
eGPSC amplitude (from 4145 to 82+12 pA, n=6, p<0.01) and decreased PPR
(from 1.71+0.06 to 1.4+0.1, n=6, p<0.01, Fig. 20A) validating that GAT-2/3
releases GABA in the presence of D-aspartate.
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Figure 20. D-aspartate fails to abolish GAT-2/3-mediated GABA release. (A)
Representative traces demonstrating eGPSCs elicited by paired-pulse stimulation in
control, and in the presence of D-aspartate plus LY341495 and D-aspartate plus
LY341495 plus SNAP-5114. (B,C) Statistical data showing d-aspartate plus
LY341495- and D-aspartate plus LY341495 plus SNAP-5114-induced effects on the
mean eGPSC amplitude (B) and PPR (C). *P < 0.05, **P < 0.01, ns not significant.

Also in the presence of D-aspartate plus LY341495 (40 uM) SNAP-5114
enlarged the mean eGPSC amplitude (72+15 versus 147128 pA, n=6,
p<0.05) and reduced PPR (1.27+0.06 versus 0.73+0.06, n=6, p<0.01, Fig.
20B,C). Thus, in contrast to DL-TBOA, glutamate uptake blockade with an
EAAT substrate does not eliminate tonic GABAgR-mediated presynaptic

inhibition. Moreover, SNAP-5114 increased the mean eGPSC amplitude to
169+13 % in ACSF (n=9, (Dvorzhak et al., 2010)) and to 201+14 % (n=6,
p<0.05, unpaired Student’s t-test) in the presence of D-aspartate plus
LY341495. Similarly, SNAP-5114 decreased PPR to 66x4 % in control (n=9)
and to 564 % (n=6, p<0.05, unpaired Student’s t-test) in the presence of D-
aspartate plus LY341495. There results suggest that D-aspartate potentiates
GAT-2/3-mediated GABA release. We conclude that EAAT-mediated

47



Results

glutamate transport is capable to modulate or may be even change the

direction of GAT-mediated GABA transport. (Unichenko et al., 2013)

3.2.3 EAAT1 (GLAST) is the main glutamate transporter in this
preparation

Finally, we asked what type of EAATs mediates the observed EAAT-GAT
interaction. To date, five different EAATs have been cloned (EAATL1-5,
(Danbolt, 2001)), three of them (EAAT1-3) are expressed in the embryonic
mouse brain (Shibata et al., 1996). DL-TBOA is a blocker of all known
EAATs. Therefore, we next applied TFB-TBOA (100 nM), a selective
antagonist of EAAT1 (GLAST) and EAAT2 (GLT1 (Shimamoto et al., 2004).
TFB-TBOA reduced the mean amplitude of eGPSCs 8218 to 32+9 pA
(p<0.001, n=7) and increased PPR from 1.18+0.09 to 1.64+0.15 (p<0.01,

n=7, Fig. 21A,B).
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Figure 21. EAAT1/2 control extracellular glutamate concentration in the
marginal zone. A-C Sample traces (A) and statistical data show that TFB-TBOA
(TFB, 100 nM) inhibits GABAergic transmission as efficiently as DL-TBOA (TBOA).
*P < 0.05, *P < 0.01, **P < 0.001, ns not significant.

Moreover, DL-TBOA (40 uM) applied in the presence of TFB-TBOA failed to
affect either the mean eGPSC amplitude (329 versus 35+11, p>0.5, n=7) or
PPR (1.64+0.15 versus 1.59+0.18, p>0.4, n=7, paired Student’s t-test with
Bonferroni correction, Fig. 8A-C). These results suggest that EAAT3 (EAAC1)

plays a minor role in this preparation. Next, we applied dihydrokainic acid
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(DHK), a specific antagonist of EAAT2 (GLT1). DHK (200 uM) failed to affect
either the mean eGPSC amplitude (8119 versus 80+17 pA, p>0.8) or PPR
(1.11+0.06 versus 1.10+0.05, p>0.9, n=6, Fig. 22A-C).
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Figure. 22 EAAT1 (GLAST) controls extracellular glutamate concentration in
the marginal zone. A—C Sample traces (A) and statistical data (C, B) demonstrate
that dihydrokainic acid (DHK, 200 uM) fails to influence GABAergic transmission,
whereas TFB-TBOA (TFB) strongly suppresses it. *P < 0.05, *P < 0.01, **P <
0.001, ns not significant.

TFB-TBOA (100 nM) in the presence of DHK strongly suppressed the mean
amplitude (from 8017 to 38+11 pA, p<0.01, n=6) and increased PPR (from
1.10+0.05 to 1.57+0.05 (p<0.001, n=6, paired Student’s t-test with Bonferroni
correction, Fig. 22A-C). Thus, we conclude that EAAT1 (GLAST) is the
glutamate transporter that in concert with GAT-2/3 controls the glutamate-
GABA balance in the vicinity of GABAergic synapses on CR cells. (Dvorzhak
et al., 2012)

3.3 [Nat]j influences short-term plasticity of glutamate
transporter-mediated currents in neocortical astrocytes
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3.3.1 Synaptically activated, transporter-mediated currents (STCs) in
cortical astrocytes

Evoked transmembrane currents were recorded from layer 2/3 cortical cells
pre-stained with sulforhodamine 101 (SR101, Fig. 23A). All tested SR101-
positive cells demonstrated passive current-voltage relationships (Fig. 23B),

high-negative resting potentials (-81+t5 mV, n=75) and low input membrane

resistances (21+5 MQ, n=75).

IF

Figure 23. Cortical astrocytes. (A) Sample image shows cortical astrocytes
labelled with SR101. (B) Current responses to 10 mV voltage steps recorded from an
SR101-positive cell (an arrow in panel A).
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These results confirm that SR101 stains exclusively astrocytes in the
neocortex (Nimmerjahn et al., 2004). Electrical stimulation in layer 4 elicited a
complex current response in layer 2/3 astrocytes. After initial very fast
deviations due to the extracellular-recorded volley response (Clark and
Barbour, 1997)(blanked for clarity in most shown recordings), an inward

current comprising of fast and slow components was observed (Fig. 24).
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Figure 24. Membrane currents in cortical astrocytes. Membrane currents elicited
in layer 2/3 astrocytes by electrical stimulation in layer 4. Addition of DNQX, APV,
Gabazine and CGP55845 to the ACSF (grey line) strongly reduced the slow
component of STC (left panel), but the fast STC response was only slightly reduced
by the blocker cocktail (right panel). Each trace is an average of 10 responses.
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Both components of the evoked responses were completely blocked by
either TTX (1 uM, n=3), an antagonist of voltage-gated Na* channels, or
Cd2* (100 uM, n=3, data not shown), an unspecific blocker of voltage-gated

Ca2* channels. Thus, the evoked currents in cortical astrocytes depend on
the action potential-driven neurotransmitter release. Blockade of AMPA
(DNQX, 10 uM), NMDA (APV, 50 uM), GABAp (Gabazine, 20 puM) and

GABAR (CGP55845, 1 uM) receptors only slightly reduced the fast

component (to 855 % of control, p<0.01, n=7, one population Student’s t-
test), while the slow component was decreased to 31+5 % of its control value
(p<0.001, n=7, one population Student’s t-test, Fig. 24). DL-TBOA (40 uM), a
specific EAAT antagonist, completely blocked the fast component, identifying
it as a synaptically-induced, transporter-mediated current (STC, Fig. 25,
(Bergles and Jahr, 1997;Clark and Barbour, 1997)). Isolated STCs (Fig. 25,
right panel) showed the 20-80% rise time of 2.1+0.2 ms and 12.6+0.4 ms

(n=29) decay time constant.
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Figure 25. STCs in cortical astrocytes. In the presence of DNQX, APV, Gabazine,
and CGP55845, the fast STC component was blocked by DL-TBOA (40 uM, grey
line). Each trace is an average of 10 responses. The right panel shows the fast STC
component isolated by subtraction.

The slow components recorded in the presence of DL-TBOA displayed
5.30.6 ms 20-80% rise time and 930+109 ms decay time constant (n=9).
Although the nature of slow component is still far from understanding
(Bellamy and Ogden, 2005), in this work we investigated only fast STCs.
(Unichenko et al., 2012)
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3.3.2 Paired-pulse plasticity of STCs

All following experiments in this study were performed in the presence of
AMPA, NMDA, GABAp, and GABAR receptor antagonists. STCs recorded

from different astrocytes showed highly variable amplitudes (range from 25 to
250 pA, n=75). As the number of axons activated by electrical stimulus is
unknown, this parameter presumably underlies the observed variability of
STC amplitudes. However, when the stimulus intensity remained constant,
STCs recorded from a single astrocyte demonstrated minor amplitude
fluctuations and no time drift throughout the experiment (Fig. 26A,B).
Coefficient of variation (the standard deviation divided by the mean amplitude
of STCs) was 0.12+0.3 (n=25). Next, we investigated the paired-pulse
behavior of STCs. Paired-pulse facilitation (PPF) was observed at short inter-
stimulus intervals (ISls, 10-250 ms), while at longer ISIs (500-5000 ms) STCs
displayed paired-pulse depression (PPD, Fig. 26A,C).
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Figure 26. Short-term plasticity of STCs studied using the low [Na'];
intracellular solution. (A) STCs elicited by paired-pulse stimulation at 50 and 500
ms inter-stimulus intervals (ISIs). Each panel is an overlay of five individual
responses, not an average of several recordings. Note a very small variability of STC
amplitude. (B) STCs recorded from an astrocyte show minor variability and no time
drift. (C) Dependence of PPR on ISI. Note that the X axis is logarithmic.

The corresponding paired-pulse ratios (PPRs) at 50 and 500 ms ISIs were

1.25+0.4 and 0.73%0.03, respectively (n=8). A train of 10 pulses delivered at
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20 Hz resulted in initial facilitation of STC amplitude followed by depression
(Fig. 27A,B).
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Figure 27. STCs elicited by the tetanic stimulation studied using the low [Na™];

intracellular solution. (A) Sample trace shows STCs recorded in response to a 20
Hz, 10 pulses tetanic stimulation. (B) Relationship between the mean STC amplitude
(normalized to the first STC) elicited by the tetanic stimulation and pulse number.

The mean amplitude of the 10" STC amounted to 51+7% of the mean
amplitude of the first STC (n=8). (Unichenko et al., 2012)

3.3.3 [Na']; in cortical astrocytes

As EAATs are mainly driven by the electrochemical gradient of Na*, we

asked whether the STC paired-pulse plasticity is modulated [Na*];. Moreover,
to be closer to physiological conditions, we suggested to set [Nat]; near its
physiological concentration. In order to measure [Na‘]; in cortical astrocytes,

we used the Nat-sensitive fluorescent indication SBFI. Electrophysiological
experiments showed that more than 95% of SBFI-positive cells in layer 2/3
(25 out of 26 cells tested) demonstrated passive current-voltage relationships,
high-negative resting membrane potentials and low input membrane
resistances. Thus, SBFI similar to SR101 stains predominantly astrocytes in

this preparation. Applying in situ calibration protocol (see Method), [Na*]; in

cortical astrocytes was measured to be 175 mM (n=56, four slices, Fig. 7).
(Unichenko et al., 2012)
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3.3.4 Paired-pulse plasticity of STCs in astrocytes dialyzed with the high

[Nat]j solution

According to the above data, in the next set of experiments we recorded
STCs with the intra-pipette solution containing 20 mM Nat. Fig. 28 A,B shows
that similar to the data obtained with the low [Na™]; solution (Fig. 26), slight

PPF was observed at short intervals (20 to 100 ms), while STCs displayed
PPD at longer ISIs (250-5000 ms) (Fig. 28A,C, n=7).
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Figure 28. Short-term plasticity of STCs studied using the high [Na'];

intracellular solution. (A) STCs elicited by paired-pulse stimulation at 50 and 500
ms inter-stimulus intervals (ISls). Each trace is an average of 10 responses. (B)
Dependence of PPR on ISI. Note that the X axis is logarithmic. (C) Bar graph shows
the mean PPR values at 50 and 500 ms ISIs obtained with the low (open) and the

high (filled bars) [Na*]; intrapipette solutions. *P < 0.05, **P < 0.01, ***P < 0.001, ns
not significant.

Interestingly, PPRs at short but not at long (> 250 ms) ISIs were significantly
smaller as compared to corresponding PPRs obtained with the low [Na™)

solution (Fig. 26). To be sure that the observed difference in PPRs is not a
consequence of sampling, we performed more experiments determining
PPRs only at 50 and 500 ms ISls. Fig. 28C shows that PPR at 50 ms ISI was

strongly dependent on [Na*t]j (1.3320.04 and 1.10+0.03 in the low and high
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[Nat]; intrapipette solutions, respectively, p<0.001, n=35 and 27), but not at

500 ms ISI (0.75+0.02 and 0.73+0.03 in the low and high [Na*]; solutions,
respectively, p>0.19, n=35 and 27, unpaired Student’s t-test). A train of 10

pulses delivered at 20 Hz resulted in initial facilitation of STC amplitude

followed by depression (Fig. 29A,B).
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Figure 29. STCs elicited by the tetanic stimulation studied using the high
[Na*]j intracellular solution. (A) Sample trace shows STCs recorded in response

to a 20 Hz, 10 pulses tetanic stimulation. (B) Relationship between the mean STC
amplitude (normalized to the first STC) elicited by the tetanic stimulation and pulse
number.

Interestingly, the mean amplitude of the 10" STC was 34+4% of the first STC

(n=7), i.e. significantly smaller than the mean amplitude of the 10™ STC
recorded with the low [Na*]j solution (Fig. 27, 51+7%, n=8, p<0.01, unpaired
Student’s t-test). In addition, the decay time constants of STCs recorded with
the low (12.6+0.4 ms, n=29) and the high (15.3+1.1 ms, n=22) [Na];
solutions were significantly different (p<0.01, unpaired Student’s t-test). As
high [Na*]j may switch the Na*/Ca2* exchanger (NCX) into the reverse
mode, we checked whether the NCX contributes to the observed PPR
changes. In the presence of high [Na™]j, we applied KB-R7963, a selective

inhibitor of the reverse mode of the NCX. KB-R7963 (10 uM) failed to affect
either STC amplitude (94+8% of control, p>0.5) or PPR at 50 ms ISI (101+5%

of control, p>0.8, n=5, one population Student’s t-test, data not shown). Thus,

[Nat]; seems to influence short-termed STC plasticity in an NCX independent
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manner. However, because the above recordings of STCs with the low and
high [Na*]; solutions were performed from different cells, one can not exclude
the possibility that the observed difference in STC kinetics is a result of
sampling. Therefore, next we tried to manipulate [Na*]; in the same cell.

(Unichenko et al., 2012)

3.3.5 Transporter-mediated [Na™]; signals in cortical astrocytes
Similar to EAATs, GABA transporters (GATs) are also driven by the
electrochemical gradient of Nat. To investigate whether GAT activation can

significantly change [Na™]j in cortical astrocytes, we loaded astrocytes with

the Nat-sensitive indicator SBFI (Fig. 30A).
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Figure 30. Transporter-mediated [Nat]; transients in cortical astrocytes. (A)

Image demonstrates SBFI-loaded cells in a neocortical mouse slice. Responses in
panel (C) were obtained from the marked cell (an arrow). (B) Sample trace shows

astrocytic [Na*]j responses elicited by puff applications of GABA (100 M) and D-

aspartate (100 ©M). Substances were applied in the presence of TTX, DNQX, APV,
Gabazine, and CGP55845. (C) Column graph demonstrates the mean amplitudes of

GABA- and D-aspartate-induced [Na*] responses in cortical astrocytes.

GABA (100 uM) and D-aspartate (100 uM), an EAAT substrate, were applied
in the presence of TTX (1 uM), DNQX (10 uM), APV (50 uM), Gabazine (20
uM) and CGP55845 (1 uM). Puff application of D-aspartate (10 s) induced

[Nat]; elevation in all tested cells. Puff application of GABA (20 s) elicited

[Nat]; responses in a majority of cells tested (19 out of 26, Fig. 30B). After D-

aspartate and GABA applications each cell was patched and
electrophysiologically characterized. 25 out 26 cells tested demonstrated
passive voltage-current relationships, possessed high-negative resting

potentials (-76x3 mV) and low membrane resistances (23+2 MQ). One cell
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showed action potentials and was excluded from the further analysis. The
mean amplitude of GABA-elicited [Na*]; elevations (0.017+0.001, n=19) was
much smaller as compared with the mean amplitude of D-aspartate-induced
[Na*]; responses (0.081+0.007, n=25, Fig. 30C). D-aspartate-elicited [Na*];
responses were completely blocked by DL-TBOA (40 uM), an EAAT
antagonist (n=4), whereas GABA-induced [Na™]; transients were blocked by

NO-711 (10 uM) plus SNAP-5114 (40 uM), GAT-1 and -2/3 blockers,
respectively (n=4, data not shown). These results show that in most cases

cortical astrocytes express both GATs and EAATs and exogenous GABA can

significantly change astrocytic [Na*];. (Unichenko et al., 2012)

3.3.6 Exogenous GABA influence STCs in cortical astrocytes
Bath application of GABA (100 uM) also induced astrocytic [Nat]; increase.

Moreover, [Nat]j remained elevated as long as GABA was applied (Fig. 31).
GABA (100 uM)

0.02
F360/F380

Figure 31. Mean [Na']j response elicited by 5 min bath application of GABA
(n=14, 3 slices).

Thus, in the following experiments we applied long bath GABA application to

keep [Na'™); elevated. Despite the fact that GABA elicited somatic [Na™];

signals, exogenous GABA induced a very tiny (<5 pA, n=21) inward current
and did not significantly change the membrane resistance (data not shown)
independently on intracellular solution. However, in experiments with the low

[Nat]; solution, GABA reduced the mean amplitude of the first STC from

74112 pA to 6219 pA (n=12, p<0.05, Fig. 32A-C). GABA also decreased PPR
at 50 ms ISI from 1.24+0.04 to 1.14+0.05 (n=12, p<0.01, Fig. 32A,D), but
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failed to affect PPR at 500 ms ISI (0.81+0.02 and 0.83+0.02 in control and in
the presence of GABA, respectively, n=12, p>0.2, Fig. 32A,D).
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Figure 32. Exogenous GABA influences STCs in cortical astrocytes. (A) Paired-
pulse STCs recorded at ISI of 50 ms in control (left) and in the presence of GABA

(100 uM). Each trace is an average of 10 responses. The right panel shows scaled
STCs (grey line - in the presence of GABA). (B) Paired-pulse STCs recorded at IS of
500 ms in control (left) and in the presence of GABA (100 #M). Each trace is an
average of 10 responses. The right panel shows scaled STCs (grey line - in the
presence of GABA). (C-D) GABA effects on the mean amplitude of the first STCs (C)
and PPRs (D). *P < 0.05, **P < 0.01, ***P < 0.001, ns not significant.

In addition, exogenous GABA slowed the kinetics of STCs. It increased both
the 20-80% rise time (from 2.11+0.15 to 2.26+0.18 ms, p<0.001) and decay
time constant of STCs (from 11.9+0.9 to 13.2+1.1 ms in control and in the

presence of GABA, respectively, p<0.001, n=12).
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Figure 33. Exogenous GABA slowed the kinetics of STCs. (A) Scaled STCs (top)
and their rising phase (bottom) recorded in control (black) and in the presence of
GABA (grey line). (B) Column graphs show the effects of exogenous GABA on the
20-80% rise time (left) and decay time constant (right panel) of STCs. *P < 0.05, **P
< 0.01, **P < 0.001, ns not significant.

The observed effects were reversible, but full washout required about 15-20
min. We also controlled whether exogenous GABA affects the slow
component of evoked responses. Its amplitude was measured 100 ms after
the stimulus application. In the presence of GABA the mean amplitude of the
slow response amounted to 9915 % of the control amplitude (p>0.9, n=12),

i.e. this component was not modified by GABA. Similar results were obtained
in experiments with the high [Na™]j solution, but the effects were smaller. 100

uM GABA only slightly decreased the first amplitude of STCs (from 80+18 to
75116 pA, n=9, p>0.1), but it significantly changed PPR at 50 ms ISI (from
1.09+£0.08 to 1.04+0.05, n=9, p<0.05, data not shown). Exogenous GABA
increased the 20-80% rise time (from 2.9+0.2 to 3.3+0.3 ms, p<0.05) and
decay time constant of STCs (from 14.6+0.5 to 15.3+0.4 ms in control and in
the presence of GABA, respectively, p<0.05, n=8, data not shown). Thus,
exogenous GABA is capable to influence amplitude, kinetics, and short-
termed plasticity of STCs. (Unichenko et al., 2012)

To check whether the above effects of exogenous GABA on STCs are

mediated by GATSs, the latter were blocked by NO-711 (10 uM), an antagonist
of GAT-1, and SNAP-5114 (40 uM), a blocker of GAT-2/3. The low [Na')

intracellular solution was used to maximize the GABA-mediated effects. In the
presence of GAT antagonists exogenous GABA failed to influence either the

mean amplitude of the first STCs (97t11 % of the control value, p>0.9) or
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PPR (10213 % of the control value, p>0.4, n=4, one population Student’s t-
test, data not shown). GABA also did not affect STC kinetics (data not
shown). These results suggest that GATs mediate the effects of exogenous
GABA on STCs.(Unichenko et al., 2012)

The above data shows that GAT antagonists block both the GABA-induced

[Nat]; elevations and the GABA effects on STCs. To investigate whether

there is a correlation between [Nat]; and STC changes, we applied the
following approach. SBFI was added to the intracellular solution, allowing
simultaneous recordings of [Na*]j changes and transmembrane currents (Fig.

34A,B).
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Figure 34. GABA effects on STCs may be mediated by [Na%]j. (A) An astrocyte

filled with SBFI via a patch pipette. (B) Exogenous GABA (100 M) induces a [Na'];

elevation and modulates STCs. STC traces (bottom) are 10 response averages. R
means the F3g0/F3g( ratio.

A

Fig. 35A demonstrates a negative correlation between the GABA-induced

relative changes of mean STC amplitudes and [Na']; elevations (n=10,

p<0.05). Similarly, a negative correlation between [Na*]j and PPR of STCs

have been observed (Fig. 35B).
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Figure 35. Negative correlation between the GABA-induced relative changes of
mean STC amplitudes, PPR and [Na']; elevations. (A) Correlation between the

relative changes of [Nat]; and the relative changes of STC amplitudes induced by
GABA. (B) Relationship between [Na']; and PPR of STCs. R means the F3g0/F3g0

ratio.
As expected, GABA-mediated effects were completely blocked by pre-

application of NO-711 (10 uM) and SNAP-5114 (40 uM, n=4, Fig. 36).
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Figure 36. GABA effects on STCs is blocked by pre-application of NO-711 and
SNAP-5114. (E) In the presence of NO-711 (10 M) and SNAP-5114 (40 uM) GABA

failed to changed either [Na*]; or STCs. R means the F3go/F3g0 ratio.

Thus, we conclude that the GAT-mediated [Na*]; increase might contribute to

the GABA-induced changes in the STC paired-pulse plasticity. (Unichenko et
al., 2012)

3.3.7 Endogenous GABA can modulate STCs

Interestingly, GAT blockade with NO-711 and SNAP-5114 alone influenced
STCs. In experiments with the low [Nat]; solution, NO-711 plus SNAP-5114
did not change the first amplitude of STCs (73+14 to 7515 pA, n=9, p>0.65,
Fig. 37A,B). PPR at 50 ms ISI, however, was decreased from 1.24+0.08 in
control to 1.15+0.07 in the presence of NO-711 plus SNAP-5114 (n=9,
p<0.01), whereas PPR at 500 ms ISI was not significantly affected (0.73+£0.05
and 0.75%0.05 in control and in the presence of NO-711 plus SNAP-5114,
respectively, n=9, p>0.09, Fig. 37A,C).

61



Results

Control SNAP+NO

o—®
C\‘ ]
< o & o 0.8 - ?
S 40 = % + = | %O/o+
z 0]
- 0.6 - 84
0 e——
&o\ X%O Q\@\ >§0 &*O\Qxéo
¢ OaN S GRS
& B s

Figure 37. GAT blockade influences STC short-term plasticity. (A) Paired-pulse
STCs recorded at 50 ms ISl in control and in the presence of NO-711 (NO, 10 uM)
and SNAP-5114 (SNAP, 40 uM). Each trace is an average of 10 responses. (B and
C) Column graphs demonstrate GAT blockade effects on the mean amplitude of the
first STCs (B) and PPRs (C). *P < 0.05, *P < 0.01, *P < 0.001, ns not significant.

Similar to exogenous GABA, NO-711 plus SNAP-5114 did not influence the
slow component of evoked responses (98+5 % of the control amplitude,
p>0.8, n=9). A train of 10 pulses delivered at 20 Hz resulted in Iinitial

facilitation of STC amplitude followed by depression (Fig. 38).
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Figure 38. GAT blockade influences STCs elicited by the tetanic stimulation.
Relationship between the mean STC amplitude (normalized to the first STC
amplitude) elicited by the tetanic (20 Hz, 10 pulses) stimulation and pulse number. *P
< 0.05, *P < 0.01, ***P < 0.001, ns not significant.
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The mean amplitude of the 10" STC normalized to the mean amplitude of the
first STC amounted to 52+4% and 45+3% in control and in the presence of
NO-711 plus SNAP-5114 (p<0.01, n=9, Fig. 38). In experiments with the high

[Nat]j intrapipette solution, NO-711 plus SNAP-5114 failed to change either

the first amplitude of STCs (5449 and 61+12 pA, p>0.1) or PPR at 50 ms ISI
(1.09£0.04 and 1.06+0.03 in control and in the presence of NO-711 plus
SNAP-5114, respectively, p>0.3, n=8, data not shown). Thus, we conclude

that GATs activated by endogenous GABA are capable to affect short-term
plasticity of STCs, and this influence is dependent on [Nat];. (Unichenko et

al., 2012)

3.3.8 Short-term plasticity of STCs at near physiological temperature

Because the above experiments were performed at room temperature, we
asked whether endogenous GABA can influence PPR of STCs at near
physiological (31 °C) temperature. STCs recorded under these conditions
demonstrated faster kinetics. Their rise time and decay time constant
amounted to 1.9+0.3 ms and 9.6+0.4 ms (n=17), respectively. Similar to the

data obtained at room temperature (Fig. 26), PPR of STCs recorded using the

low [Na*]j solution showed PPF at short ISIs (<250 ms) and PPD at longer

ISIs (Fig. 39A,B).
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Figure 39. Short-term plasticity at near physiological temperature. (A) Paired-
pulse STCs recorded at ISI of 50 ms at near physiological (31°C) temperature. The

trace is an average of 10 responses. (B) Dependence of PPR on ISI. Note that the X-
axis is logarithmic.
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At 50 ms ISI, PPR at near physiological temperature (1.26+0.02, n=15) was
not significantly different form PPR at room temperature (Fig. 26, 1.25+0.04,
n=8, p>0.7, unpaired Student’s t-test). PPR at 500 ms ISI was slightly but
significantly higher (0.80+0.02, n=15) as compared to PPR at room
temperature (Fig. 26, 0.73+0.03, n=8, p<0.01, unpaired Student’s t-test). NO-
711 (10 uM) plus SNAP-5114 (40 uM) did not change either the first STC
amplitude (6215 versus 65+6 pA, p>0.8) or PPR at 500 ms ISI (0.81+0.02 and
0.80+0.02, p>0.6), but significantly reduced PPR at 50 ms ISI (1.29+0.04 and
1.21+£0.03 in control and in the presence of NO-711 plus SNAP-5114,
respectively, p<0.05, n=7, Fig. 40A,B).
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Figure 40. GAT blockade influences STC short-term plasticity at near
physiological temperature. (A and B) GAT blockade did not change the mean STC
amplitude (A) and PPR at 500 ms ISl (B), but significantly reduced PPR at 50 ms ISl
(D). *P < 0.05, *P < 0.01, **P < 0.001, ns not significant.

In experiments with the high [Na*]; solution, NO-711 plus SNAP-5114 failed

to change PPR at 50 ms ISI (1.11+0.03 and 1.09+0.04 in control and in the
presence of NO-711 plus SNAP-5114, respectively, p>0.7, n=5, data not
shown). Thus, we conclude that GATs activated by endogenous GABA

modulate short-term plasticity of STCs at near physiological temperature, but

only when [Na™); is relatively low. (Unichenko et al., 2012)

3.3.9 Cortical field potentials are influenced by astrocytic [Na*t];

The above data shows that astrocytic [Na*]j can influence both STC

amplitude and Kkinetics. If STCs reflect glutamate removal from the
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extracellular space, their changes should result in alterations of extracellular
glutamate levels and, in turn, could affect the neuronal network activity. To
investigate whether this is the case, we recorded local field potentials in the

vicinity of an SR-positive astrocyte. After recording the control responses the
astrocyte was dialysed with either the low or the high [Na*]; intracellular
solution. Fig. 41 shows that intracellular perfusion of astrocytes with the high
[Nat]; solution recorded affected neither the amplitude of evoked field
potential (177+29 versus 166+27 uV, p>0.6) nor its paired-pulse ratio
(1.02+0.11 versus 1.01+0.12, n=6, p>0.8, paired Student’s t-test).
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Figure 41. Dialysis of an astrocyte with the low [Na%];j solution influence

evoked field potentials in the cortex. (A) Field potentials recorded in controls (left),
after 10 min of astrocyte dialysis with low (top) and high (bottom) pipette solutions
(middle traces). Right traces demonstrate changes induced by the dialysis. (B and C)

Effects of astrocyte dialysis with low (filled symbols) and high (gray symbols) [Na];

on the mean amplitude of the first field potential (B) and PPRs (C). *P < 0.05, **P <
0.01, ***P < 0.001, ns not significant.
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In contrast to this data, astrocyte dialysis with the low [Na*]; solution resulted

in an increase of the field potential amplitude from 131+21 to 151+20 pV
(p<0.05) and a decrease of PPR from 1.04+1.13 to 0.85+0.09 (n=9, p<0.01,
paired Student’s t-test, Fig. 41). These results give a support to the

hypothesis that changes in astrocytic [Na*]; can influence cortical neuronal

activity. (Unichenko et al., 2012)
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4 Discussion

In this work we have shown that glutamate uptake is capable to modulate
GABA transport. We have demonstrated that DL-TBOA, a non-transportable
EAAT antagonist, eliminates GAT-2/3-mediated GABA release, while D-
aspartate, an EAAT substrate, fails to block the latter. Thus, the strength or
even the operating mode of GATs might be influenced by the status of
EAATs. The observed interaction between EAATs and GATs also suggests
that ambient glutamate and GABA levels are mutually dependent. The EAAT-
GAT crosstalk observed in this study is mediated by EAAT1 and GAT-2/3.

Since both transporters are Na‘* dependent and mainly glial, next we

investigated the role of [Na*]j in astrocytic-mediated glutamate uptake. We
tested whether [Na*]; changes affect paired-pulse plasticity of STCs recorded
from cortical layer 2/3 astrocytes. We report that an elevation of [Na™];

induced either by using a high [Na™]; intrapipette solution or by application of

GABA slows STCs kinetics and decrease paired-pulse facilitation (PPF) of
STCs at short inter-stimulus intervals. Moreover, GAT inhibitors decrease
PPF of STCs under control conditions, suggesting that endogenous GABA
operating via GATs influences EAAT-mediated transport. (Dvorzhak et al.,
2012;Unichenko et al., 2012;Unichenko et al., 2013)

4.1 EAATs operate in the uptake mode

DL-TBOA has been shown to elicit slow oscillations in layer 4/5 pyramidal
cells in neonatal rat cortical slices. The observed neuronal network
discharges were triggered by glutamate and by activation of NMDA receptors
(Demarque et al.,, 2004). In this study, EAAT blockade with DL-TBOA
produced bursts of spontaneous PSCs in layer 2/3 pyramidal cells (Fig. 9),
and this activity was completely blocked by APV, an NMDA receptor
antagonist. In contrast to layer 2/3 pyramidal cells, EAAT blockade failed to

increase the frequency of either Ca2* transients or sGPSCs in CR cells.
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Although CR cells express NMDA receptors (Mienville and Pesold, 1999), DL-
TBOA did not produce any significant depolarization of CR cells. However,
EAAT blockade significantly decreased the frequency of mGPSCs and the
mean eGPSC amplitude. Because LY379268, an agonist of mGIuR-II/IlI
strongly reduced eGPSC amplitude, elevation of extracellular glutamate
concentration and activation of presynaptic mGIuR-Il/lll most probably
underlies the DL-TBOA-elicited effects. Thus, in the marginal zone EAATS
operate in the uptake mode under control conditions and their blockade
results in an increase of extracellular glutamate concentration. Because DHK,
a specific antagonist of EAAT?2, failed to produce any effect and TFB-TBOA, a
specific antagonist of EAAT1 and EAAT2, was as effective as DL-TBOA, an
antagonist of all EAATs (Fig. 21, 22), EAAT1 appears to be the main EAAT
that controls ambient glutamate concentration in the vicinity of GABAergic
synapses on CR cells. Interestingly, according to immunohistochemical data
EAAT1 expression in the perinatal neocortex is rather low as compared to
that of EAAT2 and EAAT3 (Furuta et al., 1997). On the other hand, normal
development of the CNS was observed in mutant mice lacking
EAAT2/EAAT3, while EAAT1/EAAT2 double knockout mice died in utero and
exhibited abnormal brain development (Matsugami et al., 2006). These
results suggest that EAAT1 and EAAT2 are major glutamate transporters
during prenatal development. Relatively low levels of EAAT1
immunoreactivity may point to a highly non-homogeneous spatial distribution
of EAAT1, for instance their location might be primarily perisynaptic.
(Dvorzhak et al., 2012)

4.2 Presynaptic inhibition of GABAergic transmission

Perisynaptic location of EAAT1 may be physiologically important. CR cells are
highly vulnerable to excitotoxicity (Super et al., 1998). However, our data
shows that DL-TBOA-induced increase of extracellular glutamate
concentration does not lead to their hyperexcitability. Although CR cells
express NMDA receptors (Mienville and Pesold, 1999;Mienville, 1998), EAAT
blockade did not depolarize but slightly hyperpolarized CR cells. Thus,
moderate and/or short-lasting elevation of extracellular glutamate does not
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increase CR cell excitability. However, not only augmentation of cell
excitability, but potentiation of synaptic inputs may also increase cell firing
and potentially lead to excitotoxic damage. CR cells in the murine neocortex
receive only excitatory GABAergic inputs (Kirmse and Kirischuk, 2006a;Soda
et al., 2003;Kirmse et al., 2007b). Perisynaptic location of EAAT1 combined
with presynaptic location of mGIuR-II/Ill provides an effective protection
mechanism against the neuronal network-mediated runaway excitation. In
case of EAAT dysfunction, for instance during epilepsy (During et al.,
1995;Hu et al., 1991), excitatory inputs to CR cells will be strongly suppress
though activation of presynaptic mGIuR-Il/lll (Fig. 9). The observation that
presynaptic mGIuR-1l/lll are not activated under control conditions supports
the suggestion that this mechanism represents a kind of “brakes” which will
be activated under pathophysiological conditions. Physiologically, however,
the GABAergic system controls the strength of excitatory GABAergic synaptic
inputs to CR cells. Interestingly, tonic activation of presynaptic GABARBRS is

mediated by GABA released via GAT-2/3 operating in the reverse mode
(Kirmse and Kirischuk, 2006a). (Dvorzhak et al., 2012)

4.3 EAATs modulate GABA release

Although the main function of GATs is believed to be GABA uptake, the
existence of Ca2* independent GABA release via GATs has been also
suggested (Haycock et al., 1978). Several drugs known to increase [Nat];, i.e.

veratridine, ouabain, excitatory amino acid agonists, have been shown to

stimulate this form of GABA release (Cunningham and Neal, 1981;Sandoval,
1980;Schwartz, 1982). Because EAATSs co-transport three Na*t ions with one

glutamate molecule, they can potentially provide intracellular Na* required for
GATSs to reverse (Fig. 42).
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Figure 42. EAAT-GAT-mediated glutamate-GABA exchange

Recently, this hypothesis has been confirmed in the adult hippocampus.
Application of 100 uM glutamate for 10 min has been shown to increase
extracellular GABA concentration both in vivo and in hippocampal slices.
Ambient GABA elevation was produced by all tested EAAT substrates, but
not by non-transportable antagonists suggesting that EAAT-mediated
transport is a prerequisite for GAT reversal (Heja et al., 2009). Our results are
in line with this data, but there is an important difference. In the adult
hippocampus, strong glutamate stimulation (100 uM, 10 min) was applied to
initiate GABA release suggesting that transporter-mediated glutamate-GABA
exchange occurs rather under pathophysiological conditions. In the current
study, EAAT blockade by DL-TBOA reduced GAT-2/3-mediated GABA
release suggesting that EAATs modulate GAT-2/3-mediated GABA release
under control conditions. The question whether the “resting” EAAT-GAT
crosstalk takes place in other brain structures needs further investigations.
EAAT-GAT interaction presumably requires precise spatial co-localization of
glutamate and GABA transporters, and most probably occurs in small cellular
compartments, like small dendrites or astrocytic processes, where relatively

small Na* influx can produce relatively large Nat concentration changes. In
the current study, usage of presynaptic metabotropic receptors as detectors
of extracellular GABA makes the spatial resolution of the approach close to

synapse dimension. Héja et al. (Heja et al., 2009) used radioactive assay and

70



Discussion

microdialysis to measure extracellular GABA levels. Both approaches,
however, provide GABA concentrations averaged over reasonably large
volumes. Definitely, EAAT-mediated GAT modulation at cell somata would

require much larger Na* influx and would presumably occur under
pathophysiogical conditions, for instance during epileptic discharges.
(Unichenko et al., 2013)

4.4 Physiological role of the EAAT-GAT-mediated glutamate-
GABA exchange

In the marginal zone GABA acting on reasonably low-affinity GABAA

receptors mediates a “stop” signal for radially migrating neurons (Behar et al.,
1996;Heck et al., 2007). The marginal zone contains both GABAergic cells
and bundles of GABAergic axons which may provide the required ambient
GABA (Delrio et al., 1992). However, perinatal neuronal activity is rather low
both in slices and in the whole brain (Schwartz et al., 1998;Aguilo et al.,
1999). In addition, blockade of neuronal activity with TTX appears not to
decrease ambient GABA concentration (Kirmse and Kirischuk, 2006a). Thus,
despite the presence of GABAergic cells and axons, the main source of
extracellular GABA seems to be non-synaptic. In the marginal zone of the
neonatal neocortex blockade of GAT-1 and GAT-2/3 eliminates tonic
GABARBR-mediated inhibition of GABAergic transmission (Dvorzhak et al.,

2010) suggesting that GATs represent the major mechanism of GABA
release. Definitely, both extracellular GABA and glutamate are required to
modulate cell migration in the neocortex (Heck et al., 2007;Reiprich et al.,
2005), but one can not exclude the possibility that they operate in concert, i.e.
one can substitute the other. In the immature hippocampus, for instance,
GABAp antagonists have been shown to affect cell migration more efficiently
than NMDA antagonists (Manent et al., 2005). Moreover, early generated
neurons in the marginal zone are highly vulnerable to excitotoxicity (Super et
al., 1998). Thus, if NMDA- and GABA-mediated “stop” signals are redundant,
the EAAT-GAT crosstalk may serve to replace potentially excitotoxic

glutamate for less “dangerous” GABA preserving at the same time the
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required level of the “stop” signal. Since the EAAT-GAT crosstalk was mainly
mediated by glial GAT-3 and GLAST transporters. (Unichenko et al., 2013)

4.5 Does the glutamate-GABA exchange occur in astrocytes?

Interestingly, the EAAT-GAT crosstalk observed in this study is mediated by
EAAT1 and GAT-2/3. Because GAT-2 was detected only in the arachnoid and
in the subarachnoidal space (Minelli et al., 2003), probably only GAT-3
contributes to the GABA release. In adult neocortex both GAT-3 and EAAT1
are expressed exclusively in astrocytic processes (Voutsinos-Porche et al.,
2003;Minelli et al., 1996). However, during the first two postnatal weeks many
cells with ultrastructural features typical for neurons as well as axon terminals
express GAT-3 (Minelli et al., 2003). Similar to GAT-3, in the prenatal mouse
brain transient expression of EAAT1 has been reported on radial glial cells,
while the other “glial” glutamate transporter EAAT2 was detected on neurons
(Matsugami et al., 2006;Regan et al., 2007). Thus, glial location of EAAT-GAT
interaction is highly probable. Therefore next we have investigated STCs in
cortical layer 2/3 astrocytes. (Dvorzhak et al., 2012)

4.6 Paired-pulse plasticity of STCs

STCs in cortical layer 2/3 astrocytes were induced by electrical stimulation in

layer 4. As STCs were blocked by TTX, Cd2*, and DL-TBOA, they indeed
represent EAAT-mediated removal of synaptically released glutamate. At
room temperature, STCs showed the rise time (20-80%) of 2.1 ms and
decayed exponentially with a time constant of 12.6 ms. Similar STC kinetics
at room temperature were observed in the cerebellum (1.9 and 17.3 ms,
(Bergles et al., 1997)) and in the hippocampus (3.7 and 17.8 ms - rise time
and decay time constant, respectively, (Bergles and Jahr, 1997). STCs
recorded at near physiological (31 °C) temperature displayed faster decay
kinetics (9.6 ms, a decrease by a factor of 1.31). Short-term plasticity reflects

the modification of synaptic transmission during repetitive stimulation (Zucker
and Regehr, 2002). Because low [Na*]j pipette solutions were used in most

studies devoted to STCs in astrocytes (Bellamy and Ogden, 2005;Bergles
and Jahr, 1997;Clark and Barbour, 1997;Diamond and Jahr, 1997;Manita et
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al., 2007), we first applied the low [Na*]; pipette solution. At short ISIs (<250

ms) STCs demonstrated PPF, whereas PPD dominated at longer ISIs (Fig.
26). The observed PPF of STCs at short ISIs is, however, unexpected,
because glutamatergic projections from layer 4 spiny neurons to their main
targets in layer 2/3 - pyramidal cells and interneurons display mostly PPD
(Feldmeyer et al., 2002;Helmstaedter et al., 2008). However, although paired-
pulse ratio is generally believed to reflect presynaptic release probability, the

postsynaptic site can also influence it (Zucker and Regehr, 2002). Because
EAATs are Nat dependent, we hypothesized that astrocytic [Nat]; may
influence STC plasticity. To be closer to physiological conditions, we have

measured the resting [Na*]j in cortical astrocytes using the Nat-sensitive

indicator SBFI. The latter amounted to 17 mM. This value is close to [Na™);
levels (15 mM) measured in cultured hippocampal astrocytes (Rose and
Ransom, 1996), although in cultured cortical astrocytes [Na*]; was reported to
be lower (Chatton et al., 2000). Elevation of [Na*]j to 20 mM strongly
influenced STCs (Fig. 26-29). However, Na* entry through EAATs was shown
to reverse the NCX (Rojas et al., 2007). According to the Nernst equation, 20
mM [Na*]j could switch the NCX into the reverse mode. Because the NCX is

electrogenic, its reversal can potentially influence STCs. However, as KB-
R7943, an antagonist of the NCX reverse mode, failed to affect STCs
plasticity, arguing against the dominating role of the NCX in this case.
(Unichenko et al., 2012)

4.7 [Nat]i influences paired-pulse plasticity of STCs

Interestingly, astrocytic [Na*]; elevations through the patch pipette or by

exogenous GABA produced the following effects: 1) STC amplitudes were
reduced (Fig. 28, 32), 2) STC kinetics was slowed down (Fig. 32), and 3) PPF
of STCs at short ISIs was reduced (Fig. 28,32). GABA applied in the

presence of GABAp and GABApR receptor blockers increased astrocytic

[Nat]; and decreased STC amplitudes (Fig. 32-34). Immunohistochemical
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(Minelli et al., 1996) and electrophysiological (Kinney and Spain, 2002) data
show that cortical astrocytes express GATs. Because GATs co-transport

GABA with two Na*t and one CI- ions (Attwell et al., 1993), the GAT-mediated
Cl- influx can potentially influence the EAAT-coupled anion conductance
(Billups et al., 1996;0tis et al., 1997). However, exogenous GABA not only
decreased STC amplitudes, it also slowed STC kinetics (Fig. 32, 33). Similar

slowing of STC kinetics was observed when astrocytic [Na*]; was elevated

via patch pipette, i.e. without alteration of intracellular CI- concentration. Thus,
the EAAT-coupled anion conductance makes a minor contribution to the
GAT-mediated effects of STCs. As GATSs are electrogenic, GABA uptake can
depolarize the plasma membrane and reduce the driving force for EAATS,
resulting in a reduction of STC amplitudes. In this work, exogenous GABA
induced a small but detectable (<5 pA) inward current in somata of cortical
astrocytes. As cortical astrocytes have low input resistance (about 20 MQ),
cell depolarization induced by such small currents should not exceed several
mV. GAT-mediated depolarization should only slightly decrease the EAAT
driving force. However, we can not exclude that local GAT-mediated
depolarization may be strong enough to reduce STC amplitude. But even if
this were the case, the GAT-mediated depolarization should equally decrease

amplitudes of all STCs, i.e. it should not change PPR. Thus, we can assume

that the GAT-mediated [Na']; increase underlies the observed effects.

Indeed, because EAATS co-transport glutamate with 3 Na™* ions, even small

(2-5 mM) [Na*]; changes induced by exogenous GABA could detectably

reduce STC amplitudes. In addition, elevated [Na*]j was shown to influence

kinetics of EAAT-mediated currents in retinal Muller cells (Barbour et al.,
1991) and in cerebellar Purkinje cells (Otis and Jahr, 1998;Wadiche et al.,

2006). In cultured cortical astrocytes, the rate of EAAT-mediated Na*t influx

measured using the Na*-sensitive indicator SBFI was shown to decline
during glutamate application with kinetics that correlated with the increase in

[Nat]; (Chatton et al., 2000;Wadiche et al., 2006) reported that high [Na*];
slows the intrinsic kinetics of EAAT4 transporter in cerebellar Purkinje

neurons. Taken together, these results obtained in different preparations
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support the idea that the EAAT cycling rate is inversely dependent on [Nat];.
Slowing of glutamate transport may potentially reduce the number of available
EAATSs at short, i.e. cycling time comparable, I1SIs, leading 1) to a decrease of
PPR and 2) elevation of extracellular glutamate concentration. The latter was
directly shown in brain slices by Okubo et al. (Okubo et al., 2009). In that
study EOS, a new glutamate-sensitive fluorescence indicator, was used to
trace extracellular glutamate concentration. A single stimulus did not induce
any detectable signal in neocortical layer 2/3, whereas paired-pulse
stimulation at 100 Hz was followed by a significant (several uM) increase of
extracellular glutamate concentration. In this study, effects of single astrocyte

dialysis on the field potentials in layer 2/3 were dependent on the pipette

[Nat]. If high [Nat]j slows down EAATS, it is a bit surprising, however, that

the reduction of astrocytic [Na't];, i.e. expected EAAT acceleration,

potentiated neocortical network activity instead of suppressing it (Fig. 41).

However, astrocytes enwrap glutamatergic synapses on both excitatory and
inhibitory neurons, and [Na*]j dependent change of glutamate uptake

definitely influences the excitation-inhibition balance. If the faster glutamate
uptake stronger suppresses excitation of GABAergic neurons as compared to

glutamatergic cells, a potentiation of network activity is actually expected.

PPR reduction in the presence of elevated [Nat]; was also observed (Fig.
28,32,34). Interestingly, elevated [Nat]; reduced PPF at short ISls, while PPD

at longer ISIs remained unaffected. On the other hand, evoked [Na™];

transients were reported to last for tens of seconds (Bennay et al.,

2008;Langer and Rose, 2009), suggesting that the STC paired-pulse plasticity

should be affected also at longer ISIs. However, all [Nat]; measurements

available in the literature were performed using SBFI, a Nat-sensitive

fluorescence indicators. The latter reports cytosolic Na*t concentration,
whereas the glutamate uptake via EAATs is mainly determined by the
transmembrane gradients, i.e. by near membrane concentrations of
glutamate and co-transported ions. Because glutamate uptake is a relatively

fast process, one could assume that the short-lasting EAAT-mediated near
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membrane [Nat]; transients would have much higher amplitudes than the 2-

10 mM cytosolic [Na*]; elevations obtained from the SBFI-based imaging data
(Bennay et al., 2008;Kirischuk et al., 2007;Langer and Rose, 2009).
Unfortunately, the relationship between [Na*] and EAAT cycling rate is not

quantified yet, i.e. neither the threshold nor the half-maximal (ICgq) [Na'];
have been reported. If a relatively high local [Na™); is required to affect the

EAAT cycling rate, short-living near-membrane Na't transients would
determine the [Na*];-mediated effects on the paired-pulse plasticity of STCs.
Unfortunately, there is no technique available to measure near-membrane
[Nat]; transients, but if the hypothesis is true, our data allows proposing that

their duration is shorter than 500 ms. (Unichenko et al., 2012)

4.8 GATs may affect glutamate uptake under physiological
conditions

100 uM of exogenous GABA is, however, a non-physiological treatment. Can
GATs influence EAAT functioning under more physiological conditions? It
seems be the case. Although GAT blockade failed to change the mean
amplitude of the first STC, it reduced PPF of STCs at short ISIs in

experiments with the low [Na*]; intrapipette solution (Fig. 37,40). Given GATs
operate in the uptake mode (but see (Kinney, 2005;Kirmse and Kirischuk,

20064a)), their blockade should result in a decrease of [Na't]j. Thus, it is

surprising that both the [Na*]; elevation by exogenous GABA and the [Na'

decrease by GAT blockers resulted in a PPF reduction at short ISIs. To

explain the contradiction, we would again hypothesize that the near-
membrane [Na']; transients are much larger than 2-10 mM reported by SBFI.

The reversal potential of GATs was reported to be close to the cell resting
potential (Richerson and Wu, 2003;Wu et al., 2007). If the EAAT-mediated

[Nat]; elevation induced by the first glutamate release is high enough to

induce GAT reversal, GATs would contribute to Nat extrusion and their
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blockade would slow down the decay of [Na™]; transients, resulting in EAAT

slowing. Because exogenous GABA presumably also prevents the GAT
reversal; such hypothesis could explain similar effects observed in the

presence of GABA and GAT blockers. If the above hypothesis is true, GATs
may dynamically contribute to local [Na™]j regulation, accelerating glutamate

uptake via EAATs and in turn preventing glutamate spillover during periods of
activity (Unichenko et al., 2012).
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