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Introductory Remarks

Part of my PhD work, carried out in the Institute of Physiology at the
LMU Munich and the Institute for Neurobiology at the HHU Diisseldorf,
has already been published (Meier et al., 2006) or has been illustrated in
manuscripts that are in revision (Bennay et al.) or have been submitted
(Kafitz et al.). Therefore, the present work is confined to the description of
my most recent study on "GABA-induced Ca?t Transients in Hippocam-
pal Astrocytes”. A manuscript describing these results will be submitted
for publication in winter 2007. In addition, I included all reprints or sub-
mitted manuscripts in the appendix (page 122ff), where I also detail my
contributions to each publication.



Abstract

GABA (v-aminobutyric acid), the predominant inhibitory neurotransmit-
ter in the mature mammalian brain, is excitatory for neurons during early
development upon GABA 4 receptor activation. In astrocytes, GABA in-
duces intracellular Ca’T transients by activation of both, GABA, and
GABAp receptors. GABAp receptor-mediated [Ca?t]; increases are in-
volved in neuron-glia interaction by potentiating inhibitory synaptic trans-
mission (Kang et al., 1998) and by causing heterosynaptic depression (Ser-
rano et al., 2006). Given that GABAp receptors couple to G/, proteins
in neurons and inhibit presynaptic Ca?* channels, the observed [Ca?*]; in-
crease in astrocytes is an unexpected finding. Hence, the aims of the present
study were (1) to elucidate the mechanism of GABA-induced Ca?* tran-
sients in astrocytes and (2) to establish a developmental profile of astrocytic
Ca?* responses. To this end, I performed Ca?t imaging with Fura-2 in com-
bination with whole-cell patch-clamp recordings in acute rat hippocampal
slices. For the identification of astrocytes, I adapted a method which had
originally been introduced for the identification of cortical astrocytes in vivo
(Nimmerjahn et al., 2004). Astrocytes were stained with the red fluorescent
dye sulforhodamine 101 (SR101). The specificity of SR101 for astrocytes
in acute hippocampal slices at young postnatal stages (P03 and P15) was
confirmed with electrophysiological recordings. Local pressure application
of GABA (100 ms, 1 mM) to SR101-positive cells induced intracellular Ca?*+
transients, which were mediated by both GABA 4 and GABApg receptors.
Muscimol, a specific GABA 4 receptor agonist, depolarized astrocytes and
resulted in Ca?* influx through voltage-gated Ca?* channels, confirming ear-
lier studies. This mechanism was the same throughout the developmental
period investigated (P03 and P15). GABA p receptor activation, in contrast,
resulted in delayed Ca?T transients that were due to G-protein activation
and Ca®T release from IP3-sensitive intracellular Ca®t stores. An interaction
of GABA p receptors with metabotropic glutamate receptors, as has been de-
scribed in the cerebellum (Hirono et al., 2001; Tabata et al., 2004), might also
be the case in hippocampal astrocytes. While GABA 4R-activation induced
Ca?* transients in 70-100% of astrocytes throughout development (P03 to
P33+1), GABA g-R-mediated Ca?* signaling exhibited a clear developmen-
tal profile. The amount of astrocytes responding with a [Ca?t]; increase
upon GABA g receptor-activation showed a bell-shaped distribution with a
maximum of 60% of cells responding during the second postnatal week (P11
to P15). This developmental profile of GABAp receptor-mediated Ca2?*
transients suggests that astrocytes play a role during postnatal maturation
of the hippocampal network.



Zusammenfassung

GABA (y-Aminobuttersidure), der bedeutendste inhibitorische Neurotrans-
mitter im adulten Gehirn, wirkt wéahrend frither Entwicklungsphasen
iiber GABA s-Rezeptoren exzitatorisch auf Neurone. In Astrozyten fiihrt
sowohl die Aktivierung von GABA 4- als auch GABA g-Rezeptoren zu einer
Erhohung der intrazelluliren Kalziumkonzentration ([Ca?t];). Diese Ca?*-
Transienten kénnen zur Transmitterfreisetzung fithren, weshalb sie bei Glia-
Neuron-Interaktionen eine Rolle spielen. Die Aktivierung von GABAp-
Rezeptoren in Astrozyten fithrt zu heterosynaptischer Depression (Ser-
rano et al., 2006) sowie zur Potenzierung inhibitorischer Neurotransmis-
sion (Kang et al., 1998). Die durch GABA p-Rezeptoraktivierung entste-
henden [Ca?T];-Erhéhungen in Astrozyten sind ungewdhnlich, da neu-
ronale GABA g-Rezeptoren an G;/,-Proteine binden und in Neuronen al-
lenfalls eine [Ca?"];-Erniedrigung hervorrufen. Die vorliegende Studie hatte
die Zielsetzung, den Mechanismus GABA-induzierter Ca?*-Signale in As-
trozyten des Hippokampus zu ergriinden, und die entstehenden [Ca?*];-
Erhohungen wahrend der postnatalen Entwicklung zu charakterisieren. Hi-
erzu wurden Fluoreszensmessungen mit Fura-2 durchgefiihrt, sowie elek-
trophysiologische Methoden angewendet. Fiir die Identifizierung von As-
trozyten wurde eine Methode modifiziert, welche urspriinglich fiir die Iden-
tifizierung von kortikalen Astrozyten in vivo eingefithrt worden war (Nim-
merjahn et al., 2004): Astrozyten in akuten Hirnschnitten von 3 bis 33
Tage alten Ratten wurden durch Farbung mit Sulforhodamin 101 (SR101)
identifiziert und die Spezifitdt von SR101 fiir Astrozyten mittels elektro-
physiologischer Charakterisierung bestitigt. Lokale GABA-Applikationen
(100 ms, 100 pM) l6sten [Ca?t];-Erhéhungen in Astrozyten aus, welche
sowohl von GABA4- als auch GABApg-Rezeptoren vermittelt wurden.
GABA s-Rezeptoraktivierung mit Muscimol depolarisierte Astrozyten und
fiihrte zu einem Ca’t-Einstrom durch spannungsabhiingige Ca?T-Kanile.
Dieser Mechanismus blieb wahrend der gesamten Entwicklung erhalten
und léste in 70-100% der Astrozyten Ca?*t-Transienten aus. GABAg-
Rezeptoraktivierung fiihrte zu G-Proteinaktivierung und IPj3-vermittelter
Ca?*-Freisetzung aus intrazelluliren Speichern. Eine Interaktion zwischen
GABA g-Rezeptoren und metabotropen Glutamatrezeptoren, wie im Zere-
bellum beschrieben (Hirono et al., 2001; Tabata et al., 2004), konnte nicht
ausgeschlossen werden. Interessanterweise bestanden bei GABA p-Rezeptor-
abhiingigen [Ca?*];-Erhohungen deutliche Unterschiede wihrend der En-
twicklung: Die Anzahl der reagierenden Zellen zeigte eine glockenférmige
Verteilung, wobei wihrend der zweiten postnatalen Woche (P11 bis P15)
ein Maximum von ca. 60% aller Astrozyten reagierte. Diese Veranderungen
implizieren eine Rolle von Astrozyten wahrend der postnatalen Entwicklung
neuronaler Netzwerke.
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1 Introduction

In the present study I characterized GABA-evoked intracellular Ca?*
([Ca?*];) increases in hippocampal astrocytes at early stages of postnatal
development. Accordingly, this introduction aims at briefly reviewing the
current knowledge on astrocytes, the hippocampus, and the neurotransmit-
ter GABA, including changes that occur during development. Furthermore,
I will detail aspects which have not been resolved, as yet, and I will elucidate

the objectives of the present study.

1.1 Astrocytes
1.1.1 Astrocytes - A Historical Perspective

The neuropathologist Rudolf Virchow first used the word ”neuroglia” (in
German ”Nervenkitt”, derived from the greek word for glue) in 1856 to de-
scribe ”connective tissue” in the central nervous system (CNS). Neuroglia,
at that point, was assumed to merely shape the brain and hold neurons to-
gether. The word ”astrocyte” first appeared around 1913 and was used by
Ramon y Cajal to refer to fibrous and protoplasmic glia found in white and
grey matter, respectively (Somjen, 1988; Kimelberg, 2004). In the 1920s two
other glial cell types, oligodendrocytes and microglia, were identified. Oligo-
dendrocytes, like astrocytes, are of ectodermal origin. Their main function
is to build the myelin sheath of neurons (Haydon, 2001). Microglial cells,
on the other hand, are of mesodermal origin and are the immunocompetent
cells of the CNS (Farber and Kettenmann, 2005).

The first functions attributed to astrocytes, besides providing neurons
with structural support, were of metabolic nature. It has been confirmed
that astrocytes are involved in providing neurons with nutrients and a desir-
able ionic milieu, maintaining the blood-brain-barrier, as well as taking-up

neurotransmitters (for review see Ransom et al., 2003). In the 1970s, neu-



rotransmitter receptors were found on astrocytes, but it took until the late
1980s to identify their physiological relevance. Since the 1990s it is well
accepted that astrocytes respond to neurotransmitter, spilling over from
neuronal synapses (see Fiacco and McCarthy, 2006, for review).

One reason for not recognizing glial cells as actively involved in the com-
munication of the brain earlier was their inability to communicate via action
potentials as neurons do. However, astrocytes are far from being silent. Ac-
tivation of neurotransmitter receptors on astrocytes, in many cases, results
in transient increases in their [Ca?*]; (Jensen and Chiu, 1990; Nilsson et al.,
1993; Pasti et al., 1997; Araque et al., 2002). These [Ca?*]; increases might
even spread as a Ca?t wave within the astrocytic network (Cornell-Bell
et al., 1990; Verkhratsky et al., 1998). Such [Cat]; increases can trigger
the release of neurotransmitters from astrocytes and thereby enable astro-
cytes to modulate neuronal transmission (Araque et al., 1998; Perea and
Araque, 2005; Pasti et al., 2001; Parpura et al., 1994; Zonta and Carmignoto,
2002). Other, more recent, findings include glial involvement in the control
of synapse formation and function (Ullian et al., 2004) as well as adult neuro-
genesis (Gaughwin et al., 2006) and brain vascular tone (Zonta et al., 2003a;
Volterra and Meldolesi, 2005; Gordon et al., 2007; Winship et al., 2007).

Along with the new roles of astrocytes identified under physiological con-
ditions, alterations in astrocyte functions became obvious during pathologi-
cal conditions (Seifert et al., 2006; Bachoo et al., 2004). Originally changes
in astrocyte function, observed in brain pathologies, had been assumed to
be secondary to changes in neuronal transmission. This view, however, was
challenged by recent findings, which imply a role of astrocytes in the patho-
genesis of CNS disorders such as gliomas, amyotrophic lateral sclerosis, and
chronic temporal lobe epilepsy (Tashiro et al., 2002; Tian et al., 2005; Son-
theimer, 2003; Volterra and Meldolesi, 2005; Holden, 2007; Nagai et al.,
2007).



Interestingly, antiepileptic drugs reduce the ability of astrocytes to trans-
mit Ca?*t signals, leading to the conclusion that astrocytes, besides being
involved in the genesis of epilepsy, are a key player in the pathways targeted
by current antiepileptic drugs (Tian et al., 2005; Barbaro et al., 2004). Thus,
better knowledge of astrocyte function and disfunction, might lead to future
development of astrocyte-specific drugs, which likely will have fewer side

effects (Tian et al., 2005).

1.1.2 The Problem of Astrocyte Identity

Astrocytes are small cells of 8 to 10 pm diameter with several small pro-
cesses, often extending towards blood vessels (figure 12; Nimmerjahn et al.,
2004; Zerlin and Goldman, 1997). Because morphological characteristics are
not sufficient for clearly distinguishing astrocytes from other cell types, bio-
chemical characteristics have been included in the definition. Traditionally,
all cells containing intermediate filaments consisting of glial fibrillary acidic
protein (GFAP) were considered astrocytes (Kimelberg, 2004; Nolte et al.,
2001). Accordingly, the main method for identifying astrocytes has com-
monly been immunohistochemistry using antibodies directed against GFAP.
In addition to GFAP, the Ca?* binding protein S1008 and the astrocyte-
specific glutamate transporters glutamate-aspartate transporter (GLAST)
and glutamate transporter 1 (GLT-1; Danbolt, 2001) have been used as pro-
tein markers to identify astrocytes in immunohistochemical studies (Raponi
et al., 2007; Zhou et al., 2006; Namba et al., 2005; Liu et al., 2006). How-
ever, immunohistochemical studies are time-consuming and can only be per-
formed in fixed tissue after performing physiological experiments.

For the identification of astrocytes in vital tissue, transgenic mice, ex-
pressing enhanced green fluorescent protein under control of the human
GFAP promoter, can be used (GFAP-eGFP-mice, Nolte et al., 2001). Typ-

ically two distinct astrocyte populations can be identified in these mice:



firstly, gap-junction coupled protoplasmic astrocytes with high GFAP ex-
pression; and secondly, fibrous astrocytes with low GFAP content and addi-
tional expression of S1003 (Nolte et al., 2001; Wallraff et al., 2004; Matthias
et al., 2003).

However, the use of GFAP as a marker for the identification of astrocytes
is being challenged by findings that the level of GFAP expression not only
varies among astrocytes but also changes during development (Verkhratsky
et al., 1998). In addition, subtypes of astrocytes do not express GFAP (Walz
and Lang, 1998; Walz, 2000) and GFAP expression is upregulated upon
injury (Nolte et al., 2001; Walz and Lang, 1998). Further problems arise
because molecular markers that clearly distinguish astrocytes from astrocyte
precursor cells are still lacking (Zhou and Kimelberg, 2001), and many of the
molecules are also expressed by cells of the neuronal lineage. In addition,
astrocytes are a highly plastic cell type and astrocytes of different brain
regions differ considerably concerning their gene expression profile (Bachoo
et al., 2004). Thus, a combination of measures is required to clearly define
and identify astrocytes (Kimelberg, 2004). This combination might consist
of morphological, biochemical, and electrophysiological characteristics.

When carrying out electrophysiological recordings, astrocytes are char-
acterized by their lack of action potential generation upon depolarization
(Zhou et al., 2006). Similar to the GFAP-eGFP-mice, two subtypes of as-
trocytes can generally be identified according to their electrophysiological
properties (Steinhauser et al., 1994; Kressin et al., 1995; Walz, 2000). In the
hippocampus, the protoplasmic cells with high GFAP content seem to cor-
respond to electrophysiologically ”passive” cells; and the fibrous cells with
low GFAP content have a ”complex” current pattern (Matthias et al., 2003;
Wallraff et al., 2004; Grass et al., 2004).

Complex cells (Steinhauser et al., 1994; Kressin et al., 1995) typically

express voltage-gated delayed outward rectifyer K currents (Nolte et al.,
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2001), inward rectifying K* currents, as well as inactivating currents resem-
bling A-type Kt currents (Grass et al., 2004; Steinhauser et al., 1994; Walz,
2000). In addition most of these cells express small voltage-dependent Na™
currents (Schools et al., 2003; Matthias et al., 2003). Hence, complex cells
closely resemble outward rectifying glia (ORG) described by others (Schools
et al., 2006; Grass et al., 2004). They typically lack gap junction coupling
(Wallraff et al., 2004) and, in comparison to passive cells (see below), ORGs
have a less negative resting membrane potential (-45 +17.2 mV), a higher
input resistance (870 +705.7 M), and a lower membrane capacitance (24.5
+15.4 pF; Zhou et al., 2006).

This cell type has been shown to express ionotropic glutamate recep-
tor currents, but no glutamate transporter currents (Zhang, 2001; Zhou
and Kimelberg, 2001; Matthias et al., 2003). However, a large proportion
of ORGs (83%) express transcripts of astrocyte-specific glutamate trans-
porters (GLT-1 and GLAST), and moreover, 44% also express the neuronal
glutamate transporter EAAC-1 (Matthias et al., 2003). To make the story
even more complicated, some of these cells express NG2 immunoreactivity
(Matthias et al., 2003), a marker commonly expressed by oligodendrocyte
precursor cells (Kimelberg, 2004). Hence, ORGs seem to be a much more
heterogeneous cell population than formerly thought. During development
ORGs amount to roughly 70% of glial cells in the hippocampal CA1 re-
gion at P1 and are almost non-existent at P22. Accordingly they have been
considered astrocyte precursor cells (Kressin et al., 1995; Walz, 2000; Zhou
et al., 2006). Considering that ORGs share protein markers with neurons
and oligodendrocytes, they might also be precursors for these cell types,
though being positive for GFAP (Zhou et al., 2006).

Passive cells, above all else, express a large voltage- and time-
independent potassium conductance. Further electrophysiological proper-

ties of passive cells are a highly negative resting membrane potential (-72.8
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+8.3 mV), close to the equilibrium potential for K*, as well as a low input
resistance (6.3 £12.2 M), and high capacitance (2897.7 £13041 pF) due to
gap junction coupling (Zhou et al., 2006; Schools et al., 2006). Passive cells
lack ionotropic glutamate receptors but express functional glutamate trans-
porters. Thus, they are well-suited for taking-up glutamate which has been
released into the synaptic cleft (Bergles and Jahr, 1997; Rothstein et al.,
1996, Bennay et al., see appendix page 133). In conclusion, passive cells
are commonly considered ”classical”, mature astrocytes (Steinhauser et al.,
1994; Zhou et al., 2006; Schools et al., 2006). In addition, these passive
astrocytes express metabotropic glutamate receptors as well as receptors
for GABA, ATP, and others (see below). During development passive as-
trocytes appear around P4 and their amount increases gradually until they
make up roughly 90% of glial cells at P22 (Zhou et al., 2006).

Recently, a new method for the identification of astrocytes has been
introduced in wvivo: cortical cells, which (1) had a morphology typical for
protoplasmic astrocytes, (2) were gap-junction coupled, and (3) overlapped
with GFAP-positive cells in GFAP-eGFP-mice were found to stain specifi-
cally with the fluorescent indicator dye sulforhodamine 101 (SR101; Nim-
merjahn et al., 2004) . In addition, SR101-labeled cells in the molecular
layer of the hippocampus exhibited passive membrane properties (Jourdain
et al., 2007), typical for mature astrocytes (Steinhauser et al., 1994; Schools
et al., 2006). These results indicate that staining with SR101 might be useful
for the identification of classical astrocytes in acute hippocampal slices.

In the present study, this technique was adapted for use in acute hip-
pocampal slices of newborn (P03), juvenile (P07 to P15), and adult rats
(P21 and P33+1). The astrocytic identity of SR101-positive cells was con-
firmed with electrophysiological recordings, in which SR101-positive cells in
the stratum radiatum did not express voltage-gated Nat channels (see also

results; and Kafitz et al., appendix page 123ff) and had properties typical
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for classical astrocytes (cf. Schools et al., 2006).

1.1.3 Ca’' Signaling in Astrocytes

Ca??* is an important intracellular messenger, controlling a variety of cellular
functions (for review, see Petersen, 2005; Carafoli, 2002; Verkhratsky et al.,
1998). Cellular responses mediated by Ca?* can be in a short (microseconds
to milliseconds), intermediate (seconds to minutes) or long (hours to days)
time range and often last much longer than the initial Ca?* transients. In a
short time range Ca?* triggers transmitter release and directly changes the
agonist affinity of receptors and ion channels. In the case of the GABAp
receptor, lack of extracellular Ca?t decreases the affinity of the receptor to
GABA, but not to baclofen (Wise et al., 1999). Similarly the affinity of
the ryanodine and IP3 receptors depend on [Ca?*]; (Berridge et al., 2003;
Hamilton, 2005). In the intermediate time range, Ca?* regulates the func-
tional activity of enzymes, such as calmodulin-dependent protein kinase,
protein phosphatase, and adenylate cyclase, resulting in protein phosphory-
lation or dephosphorylation (see also figure 1). Long-term effects of Ca?* are
largely due to modulation of gene expression (1) by directly interacting with
transcription factors or (2) by activating small guanine nucleotide-binding
proteins (Ras proteins), leading to modulation of gene expression by trig-
gering phoshorylation events (Finkbeiner and Greenberg, 1996; Verkhratsky
et al., 1998).

The extracellular concentration of free Ca?t is in the millimolar (1-2
mM) range and the concentration in intracellular stores, as for example
the endoplasmic reticulum (ER), is in the high micromolar range (~100 to
150 pM; Golovina and Blaustein, 2000; Berridge et al., 2000). In contrast,
the concentration of free Ca?* in the cytosol [Ca?*]; is very low, typically
between 50 and 200 nM (Verkhratsky et al., 1998). There are two main

pathways mediating cytosolic [Ca?*] increases in astrocytes: (1) influx from
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the extracellular space and (2) release from intracellular stores (figure 1; see
Verkhratsky et al., 1998, for review).

In general, Ca?t influx from the extracellular space is mediated by
voltage-gated Ca?T channels, Ca?T-permeable ligand-gated (”ionotropic”)
channels, and nonspecific cation channels (”store-operated channels”) in the
plasma membrane. Release from intracellular stores, such as the ER, is trig-
gered by activation of metabotropic receptors and is considered the primary
mechanism for increasing [Ca?*]; in astrocytes (Berridge, 1997; Verkhratsky
et al., 1998). Many different neurotransmitter receptors are coupled to het-
erotrimeric G, /11 proteins (consisting of G, and Gg, subunits) and stim-
ulate the release of Ca?t from intracellular stores. Upon receptor activa-
tion, the G-protein is cleaved and typically G, activates phospholipase C
(PLC; Wettschureck and Offermanns, 2005). PLC cleaves phosphatidyli-
nositol 4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). IP3 then binds to the IP3 receptor (IPsR) on the
ER membrane and triggers the efflux of Ca?* from the ER lumen into the
cytosol (Verkhratsky et al., 1998).

A second mechanism releasing Ca?* from intracellular stores is mediated
by ryanodine receptors (RyR; Berridge et al., 2000) and is denoted Ca?*-
induced Ca?t release. In astrocytes, this signaling cascade triggers Ca?*
release from a spacially separated compartment in the ER (Golovina and
Blaustein, 2000).

To prevent cytotoxicity, cells have to employ mechanisms that reduce
the [Ca%t]; to basal levels (Guerini et al., 2005). Plasma membrane bound
Ca?* pumps transport Ca?t back to the extracellular space and into intra-
cellular compartments such as the ER (sarco-endoplasmic reticulum Ca?*
ATPase, SERCA); and in addition, Na™ / Ca?* exchangers replace intracel-
lular Ca?* with extracellular Nat (Blaustein and Lederer, 1999; Golovina

et al., 1996). Ca?* binding proteins, for instance calmodulin or calbindin,
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in Astrocytes
Ca?t homeostasis in astrocytes is very complex. Ca?t influx and release path-

ways are shown in red. In classical astrocytes, [Ca?T]; increases are primarily
due to Ca?t release from intracellular stores upon activation of metabotropic
Cellular actions are in a short, intermediate or long time range,
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Mechanisms reducing [Ca?T];

rylation as well as changes in gene expression.
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Ca?t /Na™ exchanger. See text for further details; after Verkhratsky et al. (1998).
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MAPK, mitogen-activated protein kinase; IEG, immediate early genes.
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bind Ca?* once it enters the cytosol and consequently, by buffering Ca*,
shape both amplitude and time course of Ca?" transients (Berridge et al.,
2003; Barski et al., 2003).

Astrocytes can respond to many different neurotransmitters, neuro-
hormones and neuromodulators with increases in [Ca?t]; (for review see
Verkhratsky et al., 1998). In comparison to electrical information processing
by neurons, Ca?* signaling in astrocytes is some orders of magnitude slower
and might even be several seconds delayed, in particular when metabotropic
receptors are involved (Wang et al., 2006; Kang et al., 1998). Glutamate re-
ceptor activation can result in periodic [Ca?*]; increases (Parri and Crunelli,
2001; Zonta and Carmignoto, 2002; Haydon and Carmignoto, 2006) in as-
trocytes. By changing the frequency of these Ca?* oscillations, astrocytes
discriminate between different levels and patterns of synaptic activity (Zonta
and Carmignoto, 2002; Haydon and Carmignoto, 2006). However, Ca?* os-
cillations in astrocytes also occur independent of neuronal activity (Nett
et al., 2002) and may influence neuronal networks by triggering the release
of glutamate (Parri and Crunelli, 2001).

In addition to displaying oscillatory activity, [Ca?T]; increases have been
reported to propagate within astrocytes (intracellular Ca?* wave) and even
to neighboring cells within the astrocytic network (intercellular Ca?* wave
Cornell-Bell et al., 1990; Verkhratsky and Kettenmann, 1996). The two
main hypotheses explaining intercellular Ca?* waves are (1) IP3 diffusion
through gap junctions and (2) ATP release and extracellular diffusion to
adjacent cells (Schipke et al., 2002; Peters et al., 2003), both of which in
a regenerative or non-regenerative fashion cause [Ca?t]; increases in neigh-
boring astrocytes. In astrocytes in acute slices Ca?* transients are often
localized to cellular microdomains and if they spread to neighboring cells
(Schipke et al., 2002), the range is severely reduced compared to cultures

(Haydon and Carmignoto, 2006; Nett et al., 2002; Parri and Crunelli, 2001).
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This discrepancy has been attributed to a faster cleavage of ATP into the
inhibitory adenosine by extracellular endonucleotidases in the intact tissue
(Haydon and Carmignoto, 2006).

The range over which astrocytic Ca?t waves travel in vivo is not known
in detail. In the cortex, astrocytic Ca?* transients are observed in vivo
(Aguado et al., 2002; Nimmerjahn et al., 2004) and astrocytic activity is
correlated (Hirase et al., 2004), however, spontaneous Ca?* waves merely
spread to a few neighboring astrocytes (Nimmerjahn et al., 2004). The hip-
pocampus, due to its location, is difficult to assess in vivo with the current
techniques. Given that each astrocyte in the hippocampus contacts up to
140,000 synapses (Bushong et al., 2002), release of glutamate from a sin-
gle astrocyte might synchronize neuronal activity (see section 1.1.4 Angulo

et al., 2004) without a Ca?* wave travelling through the astrocytic network.

1.1.4 Neuron-Glia and Glia-Neuron Interaction

Astrocytes are located in close proximity to neuronal synapses. In area
CA1 of the hippocampus, two thirds of the axon-dendritic spines are as-
sociated with processes of astrocytes (Ventura and Harris, 1999; Witcher
et al., 2007). This spatially close relationship with sites of neuronal trans-
mitter release puts astrocytes into a perfect position not only for taking up
neurotransmitter (Bergles and Jahr, 1997, Bennay et al., see appendix page
133ff), but also for modulating synaptic transmission (Auld and Robitaille,
2003). Besides expressing neurotransmitter transporters, astrocytes express
a plethora of neurotransmitter receptors (Verkhratsky et al., 1998) which
enables them to respond to neuronal activity with increases in their [Ca®*];
(Porter and McCarthy, 1996; Schipke and Kettenmann, 2004).

In addition to their close association with neuronal synapses, astro-
cytic processes form endfeet on brain capillaries and arterioles (Haydon and

Carmignoto, 2006; Schipke and Kettenmann, 2004). Active neurons have a
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higher energy and oxygen demand than inactive ones, which is why blood
flow is generally inreased locally in areas of increased activity - a mech-
anism called functional hyperemia (Fiacco and McCarthy, 2006; Winship
et al., 2007; Zonta et al., 2003a). Because the neuronal network is not in
direct contact with the vascular system, an intermediate system is needed
which senses neuronal activity and relays this information to the brain mi-
crocirculation (Haydon and Carmignoto, 2006).

Glutamate-mediated Ca?* oscillations in astrocytes not only correlate
with neuronal activity but also regulate the secretion of vasoactive sub-
stances by astrocytes (Zonta et al., 2003b). In brain slices, both vasodila-
tion mediated by prostaglandin Ey (cyclooxygenase 1 pathway; Zonta et al.,
2003a) and vasoconstriction by 20-hydroxyeicosatetraenoic acid (phospho-
lipase Ag-arachidonic acid pathway; Mulligan and MacVicar, 2004) have
been described. Takano et al. (2006) in a very elegant set of experiments
in vivo showed that increasing [Ca?*]; in astrocytic endfeet reversibly in-
creases arteriole diameter. Hence, by sensing neuronal activity and passing
this information on to blood vessels, astrocytes interconnect two systems
which otherwise would not be connected (see also Fellin and Carmignoto,
2004; Gordon et al., 2007; Haydon and Carmignoto, 2006; Winship et al.,
2007).

Besides releasing vasoactive substances, astrocytes can actively influ-
ence the neuronal network by releasing neuroactive substances (Parri and
Crunelli, 2001; Haydon, 2001). These substances, also referred to as ”glio-
transmitters”, include classical neurotransmitters such as glutamate and
GABA (Liu et al., 2000) but also ATP, D-serine, hormones and nitric oxide
(Haydon and Carmignoto, 2006; Schipke and Kettenmann, 2004).

Physiological [Ca?T]; increases in astrocytes trigger the release of gluta-
mate by vesicular exocytosis (Bezzi et al., 2004; Chen et al., 2005; Jourdain

et al., 2007; Zhang et al., 2004; Domercq et al., 2006; Parpura et al., 1994).
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However, other release mechanisms such as hemi-channels (Ye et al., 2003),
anion transporters and P2X7; receptors (Duan et al., 2003) may also play a
role (Haydon and Carmignoto, 2006).

Ca?*-dependent glutamate release by astrocytes (Bezzi et al., 2004), re-
sulting in modulation of the neuronal network, has been observed both in
cultures (Araque et al., 1998; Parpura et al., 1994) and in acute brain slices
(Fiacco and McCarthy, 2004; Jourdain et al., 2007). However, not every
Ca?* transient in astrocytes triggers the release of neuroactive substances
(Fiacco et al., 2007). More work needs to be carried out to determine the cir-
cumstances and prerequisites of gliotransmitter release by astrocytes under
physiological conditions.

By releasing glutamate, astrocytes synchronize populations of neurons,
which themselves are not connected (Angulo et al., 2004; Carmignoto and
Fellin, 2006). Moreover, astrocytes can control synaptic strength: at exci-
tatory synapses between perforant path afferents and granule cells in the
dentate gyrus, glutamate, released from astrocytes, activates extrasynaptic
N-methyl-D-aspartate (NMDA) receptors of granule cells and consequently
increases synaptic transmitter release (Jourdain et al., 2007).

Astrocytes not only excite neurons but also potentiate inhibitory synap-
tic transmission by release of glutamate. GABA, released from interneurons
in the hippocampus, causes GABAp receptor-dependent [Ca?*]; increases
in astrocytes. These [Ca?t]; increases trigger the release of glutamate by
astrocytes, which activates NMDA receptors on inhibitory interneurons and
consequently causes an increase in the frequency of miniature inhibitory
postsynaptic currents (mIPSC) in CAl pyramidal neurons (Kang et al.,
1998, see also section 1.3.2; and figure 6).

In the hippocampus, strengthening a population of synapses is asso-
ciated with a depression of inactive neighboring synapses, a phenomenon

called heterosynaptic depression (Lynch et al., 1977; Scanziani et al., 1996).
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Such a depression of synaptic connections increases the contrast between
potentiated and inactive synapses (Lynch et al., 1977) and is necessary to
ensure stable transmission within the neuronal network (Abbott and Nel-
son, 2000). Astrocytes contribute to both homo- and heterosynaptic depres-
sion by release of ATP (see also section 1.3.2; Pascual et al., 2005; Zhang
et al., 2003; Serrano et al., 2006). Because ATP is quickly degraded to the
inhibitory adenosine by extracellular endonucleotidases, adjacent synapses
are inhibited (Pascual et al., 2005; Zhang et al., 2003). Both potentiation
of inhibitory synaptic transmission and heterosynaptic depression are medi-
ated by astrocytic GABA g receptors and will be discussed in more detail in
section 1.3.2.

Importantly, astrocytes are not only involved in modulation of synaptic
transmission, but also influence the morphological and functional matura-
tion of the neuronal network. Astrocytes can stimulate neurogenesis from
oligodendrocyte precursor cells (Gaughwin et al., 2006) and adult neural
stem cells (Song et al., 2002). Moreover, they can function as precusor cells
for neurons themselves (Ma et al., 2005; Kriegstein, 2005), and are involved
in synaptogenesis (Slezak and Pfrieger, 2003; Elmariah et al., 2005). During
development astrocytes increase the number of mature, functional synapses
on neurons (Ullian et al., 2001) and are required for maintenance of synaptic

strength in vitro (Beattie et al., 2002).

1.2 The Hippocampus

The hippocampus is an area of the brain involved in learning and memory.
Notably, its function is not information storage, but processing and consol-
idation of information which is stored in other brain areas (Lavenex et al.,
2007). The hippocampus, a paired structure, which is located in the medial
temporal lobe of each hemisphere is part of the limbic system. Together

with its neighboring cortical regions, the dentate gyrus, entorhinal cortex

20



and subiculum, the hippocampus composes the ”hippocampal formation”.
Neuronal cell bodies are organized in distinct layers and the hippocampal

network remains largely intact when the hippocampus is cut into sections

perpendicular to its long axis (see also figures 2 and 7 on pages 2 and 36,

respectively). The hippocampus receives and integrates inputs via the so-

Figure 2: The Trisynaptic Hippocampal Network Remains Largely In-
tact in Brain Slice Preparations

Axons from pyramidal cells in the entorhinal cortex project via the per-
forant path (PP) to dentate gyrus (DG) granule cells (blue; 1). Axons of
granule cells are called mossy fibers (MF) and form glutamatergic synapses
with CA3 pyramidal cells (light blue; 2). CA3 pyramidal cells finally project
as excitatory Schaffer collaterals (SC) to apical dendrites of CA1 pyrami-
dal cells (dark blue; 3) and from here via the Subiculum (Sub) back to
deep layers of the entorhinal cortex.  Astrocytes (red) and inhibitory in-
terneurons (black) modulate information processed by the principal cells.

CAl and CA3, cornu ammonis (hippocampus) area 1 and 3, respectively; SR,
stratum radiatum.

called trisynaptic circuit described in the following (figure 2). First, axons
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from the entorhinal cortex are projecting as the perforant path to dentate
gyrus granule cells. Second, granule cell axons, called mossy fibers, form
synapses with pyramidal cells in the CA3 region of the hippocampus. Fi-
nally, Schaffer collaterals, the axons of CA3 pyramidal neurons, contact api-
cal dendrites of CA1 pyramidal cells, whose axons project back to deep lay-
ers of the entorhinal cortex. In addition, morphologically diverse inhibitory
interneurons and astrocytes modulate information processed by pyramidal
and granule cells.

The hippocampal network, similar to other brain regions, is not yet fully
developed at birth (Lavenex et al., 2007): (1) glutamatergic synaptic signals
are exclusively NMDA receptor mediated, since functional AMPA receptors
are not present until the end of the first postnatal week (Leinekugel, 2003);
(2) GABA 4 receptor activation is excitatory until around P15 in most neu-
rons (see also section 1.3.1; Garaschuk et al., 1998); and (3) postsynaptic
inhibition mediated by GABA g receptors is not functional (see section 1.3.1;
Gaiarsa et al., 1995).

Spontaneous oscillatory activity is present during all developmental
stages and adulthood but varies in duration and frequency (see below; Ben-
Ari, 2001; Rivera et al., 2005; Leinekugel, 2003). Giant depolarizing poten-
tials (GDPs; Ben-Ari, 2001), also referred to as early network oscillations
(ENOs; Garaschuk et al., 1998), are responsible for most of the synaptic
activity in immature neurons. At these early stages of development (P1 to
~P10, in rats), the neuronal firing pattern is generally of longer duration
(0.5-3 s) and slower frequency (about 0.1 Hz; Ben-Ari, 2001). Neuronal
discharges are associated with Ca?* oscillations in the entire population of
pyramidal neurons and interneurons (Garaschuk et al., 1998). This pat-
tern disappears around P10 while adult patterns, ripples (150-200 Hz) or
theta (5-10 Hz) with superimposed gamma (30-80 Hz) oscillations, appear
progressively during the second postnatal week (Leinekugel et al., 2002).
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During development, neurogenesis (embryonic day (E) 12 to birth, in
rats) precedes the development of astrocytes, and oligodendrocytes are the
last cell type to develop (Rowitch, 2004). The described patterns of oscil-
latory activity change in parallel with the maturation of the neuronal net-
work. At birth, 80% of CA1 pyramidal neurons do not exhibit dendrites or
synaptic connections (Ben-Ari, 2001). As the network matures, the dendritic
tree increases and GABAergic and glutamatergic synapses form sequentially
(Ben-Ari, 2002). Hence, GDPs are largely mediated by GABA 4 receptor
activation. GABA is still excitatory at that point in development (see sec-
tion 1.3.1) and acts in synergy with NMDA receptor activation. At the end
of the second postnatal week, axons and dendrites reach adult-like charac-
teristics (Ben-Ari, 2001), glutamatergic synapses are formed, and GABA is
becoming inhibitory.

The ability of the brain to change in structure and function is referred to
as plasticity (Lledo et al., 2006). In the hippocampus, homo- and heterosy-
naptic forms of plasticity are encountered. While in homosynaptic plasticity,
such as long-term potentiation (LTP), active inputs are potentiated, inputs
other than the potentiated synapses are modulated in heterosynaptic plas-
ticity (Bailey et al., 2000). In addition to synaptic plasticity, adult neuroge-
nesis is regarded as a form of plasticity as well, considering that new neurons
are integrated into the existing neuronal network (Lledo et al., 2006).

Besides the olfactory bulb, the hippocampus is the only brain region in
mammals, including humans, in which adult neurogenesis occurs (Doetsch
et al., 1999; Doetsch, 2003; Seri et al., 2001; Laywell et al., 2000; Zhang,
2001). In the subgranular zone (SGZ) of the hippocampal dentate gyrus,
new neurons are generated throughout life from GFAP-positive progenitor
cells (Seri et al., 2001; Ganat et al., 2006). Interestingly, neuronal mat-
uration in adult hippocampus closely resembles hippocampal development

(Esposito et al., 2005; Piatti et al., 2006). The functional significance of
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the integration of new neurons into the hippocampal network is not known

in detail. Excitatory activity promotes neuron production from progenitor

cells (Deisseroth et al., 2004), and it is likely that adult neurogenesis aids

the organism in adapting to its ever changing environment (Lledo et al.,

2006).

1.3 The Neurotransmitter GABA

1.3.1 Effects of GABA on Neurons

The neurotransmitter y-aminobutyric acid (GABA, figure 3) is the pre-

dominant inhibitory neurotransmitter in the mature mammalian CNS. The

cellular actions of GABA are mediated by both ionotropic (GABA4 and
GABA() and metabotropic (GABApg) receptors (Kaila, 1994; Chebib and
Johnston, 1999; Bettler et al., 2004).
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Figure 3: GABA

GABA, and GABA(¢ receptors are anion chan-
nels, consisting of 5 subunits (Chebib and Johnston,
1999; Mohler, 2006). They are permeable to C1~ and
to a lesser extent to HCOg, the relative permeability
of HCO3 versus Cl™ being 0.2 to 0.3 (Kaila, 1994).
Tonotropic GABA receptors are both phasically acti-
vated by GABA, released from presynaptic neurons,
and tonically activated by ambient GABA (figure 4;
Ge et al., 2007). Ambient GABA results from diffusion
from GABAergic synapses (Glykys and Mody, 2007)

as well as from non-synaptic release from neurons and

possibly astrocytes (Demarque et al., 2002; Liu et al., 2000). Phasic (synap-

tic) activation is mediated by high concentrations of GABA (0.3 to 1 mM)

for short periods of time (<1 ms; Mozrzymas et al., 2003; Nusser et al.,

2001). The concentration of ambient GABA is much lower and activates

extrasynaptic receptors with a different subunit composition (Mohler, 2006;
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Farrant and Nusser, 2005; Mody and Pearce, 2004). Once released into the
synaptic cleft, astrocytes take up GABA, convert it back into glutamine and
return it to the neuron (Bak et al., 2006; Liang et al., 2006). To a lesser
extent, presynaptic neurons also take up GABA directly.

Upon GABA 4 and GABA¢ receptor activation, adult neurons are hy-
perpolarized due to chloride influx, whereas immature neurons are depolar-
ized due to chloride efflux (Eilers et al., 2001). This developmental switch
takes place postnatally following the expression of a K+ /C1™ co-transporter
(KCC2) in the second postnatal week, which reduces the intracellular Cl~
concentration in neurons (Rivera et al., 1999).

GABAp receptors are classical metabotropic receptors, predominantly
coupled to Gi, and G, type G proteins (Bettler et al., 2004; Campbell
et al., 1993). They are for the most part localized extrasynaptically on both
glutamatergic and GABAergic neurons. The predominant GABA g receptor
in the CNS is a heterodimer consisting of the GABAp; and GABAp, sub-
units (Jones et al., 1998; Bettler et al., 2004). According to Kaupmann et al.
(1998) GABAp; is essential for agonist binding and GABA gy for binding
to the G protein.

GABAp receptor-mediated inhibition is exerted by two main mecha-
nisms (figure 4): (1) presynaptic inhibition of Ca?* channels, resulting
in a reduction of neuronal transmitter release and (2) postsynaptic acti-
vation of G protein-coupled inward rectifying potassium (GIRK) channels,
resulting in slow IPSCs due to eflux of K™ (Luscher et al., 1997; Couve
et al., 2000; Bowery et al., 2002; Couve et al., 2004). While presynaptic
GABA B receptor-dependent inhibition in the hippocampus is functional at
birth (Caillard et al., 1998), postsynaptic inhibition progressively develops
during the first postnatal week (Gaiarsa et al., 1995).

Synaptic transmission between hippocampal interneurons and their tar-

get cells is mainly mediated by GABA 4 receptor activation (Scanziani, 2000;
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Figure 4: GABA-Mediated Signaling in Neurons

Neurons lack the enzyme pyruvate carboxylase (PC); consequently they cannot
synthesize glutamate and GABA from glucose. Therefore, glutamine is transferred
from astrocytes to neurons, where the enzyme phosphate-activated glutaminase
(PAG) synthesizes the excitatory neurotransmitter glutamate. In inhibitory
neurons (illustrated here), glutamate is then converted into GABA by the enzyme
glutamate decarboxylase (GAD). Once released into the synaptic cleft, GABA
phasically activates ionotropic GABA 4 and GABA¢ receptors. Extrasynaptic
ionotropic receptors are tonically activated by ambient GABA, spilling over
from the synaptic cleft or released by non-synaptic mechanisms from neurons
and glial cells. GABApg receptors are metabotropic receptors and are located
extrasynaptically. Presynaptic GABA g receptors inhibit Ca?* channels and hence
transmitter release, while postsynaptic GABA g receptors activate G-protein cou-
pled inward rectifying potassium (GIRK) channels; modified after Ge et al. (2007).

G, G protein; GABA, ~-aminobutyric acid; GABA4R and GABA¢R, ionotropic
GABA receptors; GABAgR, metabotropic GABA receptor; GAT, GABA transporter
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Buhl et al., 1994). GABAp receptors, due to their extrasynaptic location,
are activated when GABA uptake is inhibited or after simultaneous release
of GABA from several interneurons (Scanziani, 2000).

Among other functions during development (see below), GABA 4 recep-
tor activation appears to promote its own developmental switch from excita-
tion to inhibition by inducing the expression of KCC2 (Ganguly et al., 2001;
Leitch et al., 2005). This view, however, is debated because antagonists of
GABA 4 receptors had no effect on the time course of KCC2 upregulation
in other studies (Ludwig et al., 2003; Titz et al., 2003).

GABAR receptor activation is involved in the modulation of synaptic
transmission and neuronal excitability (Kornau, 2006) as well as the mod-
ulation of rhythmic activity in the hippocampus (Leung and Shen, 2007;
Scanziani, 2000). Furthermore, GABA p receptor activation plays a role in
the induction of LTP in the hippocampus (Davies et al., 1991). During
high-frequency transmission, GABA reduces its own release by activating
presynaptic GABAp autoreceptors. As a consequence, the postsynaptic
membrane is depolarized sufficiently to relieve the Mgt block of NMDA re-
ceptors, enabling the induction of NMDA receptor-dependent LTP (Davies
et al., 1991).

Studies in GABApi- and GABApRs-deficient mice suggest that het-
erodimeric GABA /g, receptors are necessary for normal emotional be-
havior (Mombereau et al., 2005). In addition, GABA p;-deficient mice suf-
fer from spontaneous seizures, hyperlocomotor activity, hyperalgesia, and
memory impairment (Schuler et al., 2001), fitting well with the hypothesis
that hypoactivity of the GABAergic system is linked to the pathophysiol-
ogy of epilepsy (Tosetti et al., 2004; Prosser et al., 2001) as well as possibly
depression, anxiety, stress, and sleep disorders (Bettler et al., 2004).

In addition to its role in neurotransmission, GABA acts as a trophic

substance (Owens and Kriegstein, 2002) as which it not only plays a mor-
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phogenetic role during embryonic and postnatal development (Varju et al.,
2001), but also regulates multiple steps of adult neurogenesis. In the devel-
oping nervous system GABA modulates precursor proliferation, migration,
and maturation (LoTurco et al., 1995; Ben-Ari, 2002; Owens and Kriegstein,
2002; Behar et al., 1996). Likewise, in the adult CNS, GABA regulates dif-
ferentiation and synaptic integration of precursor cells (Liu et al., 2005;
Tozuka et al., 2005; Wang et al., 2005; Ge et al., 2006, 2007; Kriegstein,
2005).

Parallel to neurotransmission, the trophic actions of GABA are mainly
mediated by GABA 4 and GABA  receptors. Proliferation and morphologi-
cal development mediated by GABA 4 receptor activation largely depend on
membrane depolarizations and/or influx of extracellular Ca** (Maric et al.,
2001; Cancedda et al., 2007). The signaling pathway involved in GABAp
receptor-mediated modulation of migration of cortical neurons is less clear

(Lopez-Bendito et al., 2003).

1.3.2 Effects of GABA on Astrocytes

Like neurons, astrocytes express both ionotropic and metabotropic GABA
receptors as well as GABA transporters (Gadea and Lopez-Colome, 2001).
GABA 4 receptor activation is depolarizing (Kettenmann et al., 1984), in
both mature and immature astrocytes, and induces intracellular Ca?* tran-
sients (Nilsson et al., 1993; Fraser et al., 1995; Bernstein et al., 1996).
GABA B receptor activation, in contrast to neurons, also induces intracellu-
lar Ca?* transients (figure 5; Nilsson et al., 1993; Kang et al., 1998).

As discussed above (see sections 1.1.3 and 1.1.4), Ca?T is an important
second messenger and is essential for glia-neuron interaction. Elevations
of [Ca?T]; in astrocytes trigger the release gliotransmitters which signal
back to neurons and hence modulate synaptic transmission (see also sec-

tion 1.1.4; Haydon, 2001; Volterra and Steinhauser, 2004; Volterra and
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Figure 5: GABA-Mediated Signaling in Astrocytes

Similar to neurons, astrocytes express ionotropic GABA, and metabotropic
GABApg) receptors (cf. figure 4), as well as GABA transporters (GAT).
GABA, receptor activation causes a depolarization and Ca?t influx
though voltage-gated Ca?t channels (VGCC). GABAp receptor activation
also causes a [Ca2T]; increase, the origin of which, however, is less clear.

G, G protein; GIRK, G protein-coupled inward rectifying potassium channel.
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Meldolesi, 2005).

Recently, new evidence has emerged that activation of astrocytic
GABA p receptors in the hippocampus underlies a form of neuronal plas-
ticity called heterosynaptic depression (see also section 1.1.4; Serrano et al.,
2006; Lynch et al., 1977). The signaling cascade was described as follows
(figure 6): First, glutamate, released at potentiated Schaffer collateral to
CA1 pyramidal neuron synapses, activates NMDA receptors of interneurons.
Second, interneurons release GABA which activates GABA g receptors of ad-
jacent astrocytes, resulting in [Ca?*]; increases. Finally, astrocytes release
ATP and previously inactive synapses are inhibited because extracellular
endonucleotidases quickly degrade ATP to the inhibitory adenosine.

Additionally, GABAp receptors have been proposed to mediate an
activity-dependent decrease in the failure rate of unitary inhibitory post-
synaptic currents (figure 6; Kang et al., 1998). GABA released by interneu-
rons activates GABA p receptors on astrocytes and causes a [Ca?t]; increase.
Subsequently the astrocyte releases glutamate and activates NMDA recep-
tors on interneurons, resulting in GABA release and a decrease in the failure
rate of their synapse. As a consequence, the frequency of mIPSCs in CA1
pyramidal neurons is increased.

Hence, GABA-induced Ca?* signaling in hippocampal astrocytes plays
an important role in neuron-glia interaction. However, the mechanism of

GABA g receptor-induced [Ca?*t]; increases is still unclear.

1.4 Aims of this Study

Given that GABAp receptors couple to G/, proteins (cf. section 1.3.1
Bettler et al., 2004; Campbell et al., 1993) and inhibit presynaptic Ca?*
channels in neurons (Misgeld et al., 1995), the [Ca?*]; increase observed in
astrocytes is an unexpected finding. It has been suggested to be due to Ca?*

influx from the extracellular space (Kang et al., 1998), a mechanism which
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Figure 6: Astrocytes Modulate Inhibitory Synaptic Transmission Upon
Activation of GABA g Receptors

A1: Glutamate is released at a potentiated Schaffer collateral to CA1 synapse and
activates NMDA receptors of interneurons. A2: Interneurons release GABA result-
ing in activation of astrocytic GABAp receptors and subsequent [Ca?*]; increases
in astrocytes. A3: Astrocytes release ATP resuling in inhibition of previously
unpotentiated inputs because ATP is degraded to the inhibitory adenosine by ex-
tracellular ectonucleotidases.

B1: GABA, released by interneurons in this second example also causes activation
of astrocytic GABA g receptors and subsequent [Ca2*]; increases in astrocytes. B2:
In this scenario, however, astrocytes release glutamate whereby they re-activate in-
terneurons. B3: This re-activation causes the interneurons to release more GABA,
which consequently reduces the failure rate of unitary inhibitory synaptic currents.

The mechanism of the GABA p receptor-induced [Ca?T]; increase in astrocytes is
unclear.
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is rather unusual, considering that GABA g receptors belong to the family
of metabotropic receptors (cf. section 1.1.3). The cellular mechanisms of
GABA g receptor-induced [Ca?*t]; increases in astrocytes, however, have not
been investigated in detail.

GABA 4 receptor-induced Ca?* signals have largely been studied in cell
cultures or acutely isolated cells (see also section 1.3.2; Fraser et al., 1995;
Kirchhoff and Kettenmann, 1992). Considering that astrocytes are a very
diverse and highly plastic cell type, results from cell cultures have to be
interpreted with caution (Kimelberg et al., 1997). A major concern is the
possible misexpression of proteins which are not normally expressed in as-
trocytes in vivo (Haydon and Carmignoto, 2006). In some studies, GABA 4
receptor expression has been reported to be absent (Bureau et al., 1995)
or downregulated with in vitro ageing (Tateishi et al., 2006). A further
concern when working with cultures is that the in vitro age does not nec-
essarily correspond to the in vivo age. Acute isolation of astrocytes avoids
these problems, however, acutely isolated cells have lost many of their fine
processes and their location within the hippocampal network is no longer
preserved (Kimelberg et al., 2000). Therefore, the first goal of this study
was to elucidate the mechanisms by which GABA 4- and GABA g receptors
elicit [Ca®*]; increases in hippocampal astrocytes in acute slices.

The expression of GABA g receptors appears to vary developmentally in
astrocytes (Fritschy et al., 2004) but to date no functional conclusions have
been drawn from this finding. GABApg receptor activation in astrocytes is
involved in glia-neuron interaction (see sections 1.1.4 and 1.3.2) but it is not
known at which point in time during embryonic or postnatal development
these mechanisms begin to develop. Considering the transformations the
hippocampal network undergoes during the first two postnatal weeks (see
section 1.2), this question is crucial for a better understanding of early post-

natal development. Thus, the second goal of this study was to establish a
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developmental profile of GABA-evoked Ca?t responses in astrocytes.

In order to identify astrocytes in acute tissue slices, I adapted a method
previously introduced for staining cortical astrocytes in vivo (Nimmerjahn
et al., 2004). Astrocytes were stained with the red fluorescent dye sul-
forhodamine 101 (SR101). The specificity of SR101 for astrocytes in acute
hippocampal slices at young postnatal stages (P03, P15) was confirmed
according to morphological, electrophysiological, and immunohistochemical
criteria (see also Kafitz et al., appendix page 123ff; immunohistochemistry
performed by Jonathan Stephan). To investigate the cellular mechanisms
of GABA 4 - and GABAp receptor-induced [Ca?*]; increases, I performed
wide-field imaging of intracellular Ca?t transients along with whole-cell
patch-clamp recordings in astrocytes of acute hippocampal slices. The ori-
gin of [Ca?"]; increases was characterized with pharmacological tools. In
addition, the functional responses of astrocytes to GABAergic stimulation
were compared during development. To this end, I pressure-applied the
GABA 4- and GABAp receptor agonists muscimol and baclofen, respec-
tively, to SR101-positive astrocytes from postnatal day 3 to 34 and charac-
terized the resulting [Ca?"]; increases in six different age groups (P03, P07,

P11, P15, P21+1, P33+1).
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2 Materials and Methods

2.1 Model Systems

All experiments were carried out on rat hippocampal astrocytes. For the
most part, astrocytes in situ, in acute hippocampal slices, were used. In

addition, some experiments were performed in primary astrocyte cultures.

2.1.1 Primary Astrocyte Cultures

Cultured astrocytes were obtained from one to two day old Wistar rats as
described previoulsy (Rose, 2003). Rat pups were decapitated, the brain
was removed, and the meninges were carefully taken off in ice-cold PBS
(phosphate-buffered saline). Both hippocampi were quickly dissected out
and incubated for 20 to 40 minutes at 36°C in 10 ml papain solution, consist-
ing of PBS supplemented with 1 mg/ml papain (21 U/ml; Sigma-Aldrich),
1.5 mM CaCly, 0.5 mM Na-EDTA, and 5 mM L-Cysteine (Sigma-Aldrich).
The enzyme papain breaks down extracellular matrix proteins by cleaving
protein bonds and, thus, loosens connections between cells. This reaction
was stopped by replacing the papain solution with glial medium (contents
see below) supplemented with trypsin inhibitor (1.5 mg/ml; Sigma-Aldrich)
and BSA (bovine serum albumine; 1.5 mg/ml; Sigma-Aldrich) and further
incubation for about 20 minutes at 36°C. After washing twice in standard
glial medium, cells were mechanically dissociated by careful tritruation with
fire-polished Pasteur pipettes of decreasing tip diameter. Cells were plated
at a density of 9 x 10% astrocytes per cm? onto glass coverslips (12 mm di-
ameter) coated with poly-D-lysine (400 pg/ml, Sigma-Aldrich) and laminin
(9 pg/ml, Sigma-Aldrich). Cells were allowed to adhere to the coverslip
in an incubator at 36°C with a 5% CO2/95% air atmosphere before they
were transferred into 24-well plates containing standard glial medium. Ev-

ery three to four days, astrocytes were fed by replacing all medium with
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fresh glial medium consisting of Dulbecco’s Modified Eagle Medium F-12
(DMEM, Invitrogen) supplemented with 10% FBS (Invitrogen or Gibco),
20 mM Glucose, 2 mM Glutamax (Invitrogen) and 0.5% G5 supplement
(Gibco). Confluent cultures were used for experiments after 8 to 14 days in
vitro and consisted of >95% GFAP positive cells.

Cultures used in this study were kindly provided by Dr. Tony Kelly.

2.1.2 Acute Hippocampal Slices

Wistar rats from postnatal day (P) 3 to 34 (PO referring to the day of birth)
were decapitated and the brain was removed while being submerged in ice-
cold ringer solution. Animals older than P11 were anesthetized with CO»
prior to decapitation and those older than P14 were generally dissected us-
ing a modified standard extracellular solution (PR) containing 0.5 mM Ca?*
and 6 mM Mg?" (see table 1 on page 49 for composition of all extracellular
solutions). Unless stated otherwise, experiments were carried out on slices
of P15 animals, which were obtained as described previously (Meier et al.,
2006; Edwards et al., 1989) with a few modifications: In order to keep den-
drites of CA1 pyramidal neurons in the stratum radiatum largely intact, 250
nm thick slices were generally cut at an angle to the midline (see figure 7),
with a Microm HM650 V vibratome (Microm, Walldorf, Germany; settings:
speed 8 to 10; vibration 50 to 60 Hz; amplitude of lateral blade movement
1.0 to 1.2; Wilkinson Sword Classic blade). As soon as all slices were col-
lected into cutting solution at 34°C, sulforhodamine 101 (0.5 - 1 pM) was
added and slices were protected from light. After an incubation period of
20 minutes, slices were transferred to standard extracellular solution and
kept at elevated temperature for an additional 10 minutes before they were
transferred to room temperature (20 to 24°C) and used for up to 9 hours.
During experiments, a grid consisting of nylon threads glued to a U-shaped

platinum wire was put on top of the slices in the recording chamber, in or-
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Figure 7: Orientation of Hippocampal Slices

Hippocampal slices were cut at an angle to the midline as depicted in the top
panels. Bottom left: Astrocytes in the stratum radiatum (blue area) were used
in this study. Bottom right: transmission image of parts of area CAl and the
stratum radiatum including a typical application pipette.

CA1, cornu ammonis area 1; SR, stratum radiatum.

36



der to fix the slices in place. Slices were constantly perfused with standard
extracellular solution (NR) at a rate of about 1 ml/min using a peristaltic

pump (Ismatec IPC, Wertheim-Mondfeld, Germany).

Astrocyte Identification with SR101

SR 101 is an inert indicator dye which has previously been used for iden-
tification of cortical astrocytes in vivo (Nimmerjahn et al., 2004). The
acute hippocampal slices were incubated with SR101 (0.5 - 1 uM) for 20
minutes during the slicing procedure (see page 35). Since the spectra of
SR101 fluorescence (see figure 8 for excitation and emission spectrum) are
shifted to longer wavelengths as compared to the spectra of fura-2 (figure
10), which was used for Ca?* imaging, the imaging set-up (see section 2.2.2)
was equipped with two different filter sets, one for Ca?* imaging and the
other one for identification of astrocytes. For astrocyte identification, SR101
fluorescence was excited at 575 nm for 50 to 500 ms and fluorescence emis-

sion was collected above 590 nm (see also Kafitz et al., page 123ff).

2.2 Techniques

Responses of astrocytes to GABA, muscimol and baclofen were assessed by
applying ratiometric Ca®t imaging with the fluorescent indicator fura-2 and

whole-cell patch-clamp recordings.

2.2.1 Ca?* Imaging Principles

The concentration of free Ca?*t ions generally is very low within cells:
whereas the extracellular Ca?t concentration is around 2 mM, the intra-
cellular concentration is a factor of more than 10* less and varies between
50 and 200 nM (see also section 1.1.3). Given that the concentration of
other ions (Nat, K+, Mg?*) within cells is considerably higher than that

of Ca?t, and Ca’t transients may be less than 20 nM in amplitude, the
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Figure 8: Molecular Structure and Spectra of Sulforhodamine 101
The indicator was excited at 575 nm and emission was collected above 590 nm.

Dotted line, excitation spectrum; solid line, emission spectrum; data from Invitrogen.

ideal tool for measuring [Ca?*]; is highly sensitive and specific for Ca?*.
Fluorescent indicator dyes have proven a valuable tool for measuring such
small concentration changes (Tsien et al., 1985; Grynkiewicz et al., 1985).
There are many different fluorescent probes with different properties
on the market. Most Ca?t indicators are derivatives of the Ca?T chela-
tor BAPTA (1,2-Bis(2-aminophenoxy)ethane-N,N,N’ N’-tetraacetic acid;
Adams, 2005) and consist of an aromatic ring system, the double bonds
of which are responsible for the characteristic fluorescence properties of the
dye. The Ky of a Ca?T indicator is a measure for its affinity to Ca?*. In
general, a specific indicator can be used when the expected signal is in the
range of 0.1 to 10 times the Ky of the dye. Upon binding Ca®*, the indica-
tor undergoes a conformational change resulting in a change in fluorescence
intensity. Additionally, some indicator dyes exhibit a change in their fluo-
rescence spectrum and are called dual excitation or dual emission indicators

depending on whether the spectral shift occurs in the absorption or emission
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spectrum, respectively.

Unfortunately the ideal indicator with 100% specificity does not exist:
most Ca®*t indicators do indeed bind other physiological divalent cations
like Mg?t or Zn?*, and are influenced by pH or unphysiological divalent
ions as for example Ba?T, Ni?t, or Cd?*. For fura-2, which was used in this
study, many of these interactions are known (Marchi et al., 2000; Haugland,
2005) and must be taken into consideration by the experimenter. In case
the properties of an indicator are not known, the substance has to be tested
under physiological conditions to ensure its suitability for a given experiment
(cf. Meier et al., 2006). As an example of which properties to look at, I
previously examined the suitability of a new fluorescent indicator dye for
measuring Na™ transients in the physiological range (Meier et al., 2006, see

also page 146ff).

Fura-2 and Ratiometric Ca?’" Imaging

Fura-2 is a dual excitation indicator with a K4 of ~224 nM in the presence
of 1 mM Mg?*t (according to the manufacturer), which makes it well suited
for measuring [Ca?T]; changes in the physiological range. The advantage of
dual excitation ratiometric indicators is the possibility to excite with two
alternating wavelengths and to calculate the ratio of fluorescence emission.
Such ratio values are independent of dye concentration, optical path length,
and illumination intensity, and when calibrated (see section 2.2.1 on page
43) the ratio renders concentrations rather than mere changes in fluorescence
(see also Meier et al., 2006, ; Bennay et al., page 133ff).

Fura-2 is polar and therefore unable to pass cell membranes. If a large
number of cells is to be loaded simultaneously, the AM form of the dye can
be used: here the carboxylates are masked as acetoxymethyl (AM) esters
and the substance can pass cell membranes. Once intracellular, ubiquitous

esterases cleave the AM esters and the indicator is converted back into its
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polar and Ca®*-sensitive form (see figure 9).
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Figure 9: Loading Cells with Fura-2-AM

Carboxyl groups rendering the indicator polar are masked as acetoxymethyl esters.
Once inside the cell, AM-esters are cleaved by ubiqutous esterases and the substance
is trapped inside the cells; modified from Haugland (2005).

In all experiments fura-2 was excited at the isosbestic point (~356 nm)
and at 380 nm (figure 10). Theoretically, calculating a ratio with exci-
tation wavelenghts of 340 and 380 nm would render bigger ratio changes.
However, the optical system is not well-suited for wavelength below 350
nm and measurements do in fact become noisier (personal observations).
Advantages of using the isosbestic point include: (1) cell swelling can be
determined, (2) artefacts owing to the pressure application can clearly be
seen and (3) bleaching can be assessed much easier. Particularly in slices
from very young animals, pressure artefacts can become a problem. Fig-
ure 11 shows an example of such an artefact and illustrates the principle of
ratiometric imaging. Importantly, the pressure application itself does not

result in [Ca?"]; increase in astrocytes.
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Figure 10: Absorption and Emission Spectra of Fura-2

The diagram illustrates the excitation (dotted line) and emission (solid line) spec-
trum of fura-2 at a high [Ca?*] (thick lines) and under Ca®*-free conditions (thin
lines). At the isosbestic point (~360 nm), fluorescence emission is independent of
[Ca?*] (circle). When exciting with wavelengths below the isosbestic point, flu-
orescence emission increases with increases in [Ca?t]. Conversely, when exciting
with wavelengths above the isosbestic point, fluorescence emission decreases with
increases in [Ca?T] (arrows). Note that fluorescence emission is proportional to
fluorescence absorption; data from Invitrogen.
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Figure 11: Principle of Ratiometric Imaging

Top: The black and white rows of images labeled F; and Fs are images taken
at the isosbestic point (~360 nm for fura-2) and the ion-sensitive wavelength (380
nm), respectively. Fluorescence intensity is color-coded, the brighter (white) the
color, the higher the fluorescence intensity (arbitrary units). Astrocytes in the
stratum radiatium of a hippocampal brain slice which have taken up the indicator
appear as white spots. The colored row of images resulted from calculating the
ratio of F; and Fy and conseqently codes concentrations (here blue corresponds
to low ion concentrations, and pink to high ion concentrations). Note that single
cells cannot be distinguished anymore because the ion concentration ([Ca?*], when
using fura-2) is the same in all areas loaded with the indicator.

Bottom: Intensity values recorded in the regions of interest (rl and r2) depicited in
the first F; image. At the time 0 s, a decrease in fluorescence is observed both in Fy
and Fa because the cells are moved out of focus due to the pressure application (see
also 2nd image column from left). This so-called pressure artifact is cancelled out
in the ratio of F; and Fy (bottom). At time point 20 s a decrease in flourescence
intensity is observed in two cells in Fy (middle), but not in Fy. It is due to an
increase in [Ca2"]; of cell 2 (r2) and a neighboring cell and can be seen as increase
in fluorescence ratio (bottom, and colored images) which subsequently recovers to
baseline (time 90 s).
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Calibration of Fura-2 Signals

Because the excitation spectrum of fura-2 is shifted upon binding Ca?*, the
ratio (R) of the fluorescence emission (F; and Fa) at two different excitation
wavelengths A1 and Ao, respectively, is sufficient to convert ratio values
into Ca?* concentrations. Fluorescence emission depends on the amount
of Ca?T-free and Ca?*-bound dye in the sample and can be described by

the following equations for wavelength A1 and Ao, respectively.
Fi = Sflcf + Spicp (la)

Fy = SfQCf + Spacp (1b)

cy and c; are the concentrations of Ca’*-free and Ca?T-bound indicator, re-
spectively. Sf1, Sy2, Sp1, and Spp are proportionality coefficients for the two
excitation wavelengths and the free and bound forms of the dye, respectively,
which take into consideration that the emitted fluorescence - besides being
dependent on the number of dye molecules - is dependend on intrinsic prop-
erties of the dye and the optical system. Such influences are illumination
intensity, photon collection efficiency of the optical set-up, quantum effi-
ciency of the detector, dye absorption coefficient and quantum yield. Given
that Ca?* binds to the dye with a 1:1 stoichiometry, the relation of bound to
free dye depends on Ca?T concentration and effective dissociation constant

(Kg) of the dye and can be described as follows:

ey = (2)

The fluorescence ratio R is the ratio Fj/F», which together with equation

(2) yields:
Ca?t
R Sf1+Sb1% 3)
Sto + Syl
f2 b2,
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For the Ca?T concentration the calibration equation ends up to be:

St

S R—3-
2 _ K f2 2 4
[Ca ] d <Sb2 Sh1 - R ( )

Sb2

St1/S¢2 is the limiting value of R at zero [Ca?'] and therefore is considered
Ronin; and Sp1/Spo is the limiting value of R at saturated [Ca?T] and is

considered Ry,q,. Consequently equation (4) can also be written as

Sra R — Rpi
Ca?t) = K, <f> <mm> 5
[ ] Sb2 Rma:c -R ( )
which is the standard calibration equation established by Grynkiewicz et al.
(1985) for ratiometric indicators. Spa/Spo is often referred to as 3, and BKy
is also known as the apparent Kq (Kq,,,)-
A calibration of fura-2-loaded primary astrocyte cultures, using 10 pM

ionomycin as Ca?T ionophore rendered the following calibration equation

for measurements with fura-2:

R—06
247 _
[Ca?t] = 1398.2 (6‘0 — R) nM (6)

This equation was used for converting all ratio values measured with the
system into [Ca®*];. However, one has to keep in mind, that such a calibra-
tion of fura-2 fluorescence can only be an estimate of [Ca?"] within cells.
Therefore, in pharmacological experiments, carried out in one and the same
cell, ratio values were not converted into [Ca?t]; but are given as changes

in fluorescence ratio in arbitrary units (a.u.) as measured by the system.

2.2.2 Ca’' Imaging in Acute Hippocampal Slices

Cells were loaded with the ratiometric Ca?T indicator fura-2 by pressure
injection of fura-2-AM into the slice (Meier et al., 2006; Stosiek et al., 2003,
; Bennay et al., page 133ff). A 5 mM stock solution of fura-2-AM in 20%
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Pluronic acid / DMSO was diluted in HEPES buffered saline (as used for cell
cultures, but without glucose) to yield a final concentration of 500 pM. A
2 to 3 M) micropipette, filled with the solution, was inserted into the stra-
tum radiatum close to area CAl and fura-2-AM was pressure-applied for
2 to 10 s per region at 8 psi using a picospritzer II (General Valve/Parker
Hanifin, Flein/Heilbronn, Germany). Experiments were started at least
one hour after loading, in order to allow for resorption of the dye and to
enable cleavage of the AM-ester (see figure 9). The extracellular solution
contained 500 nM TTX in order to block neuronal activity, unless stated
otherwise. Astrocyte cultures were loaded for 90 minutes at room temper-
ature in HEPES-buffered saline containing 15 pM fura-2-AM. Experiments
were started no earlier than half an hour after loading and coverslips were
continuously perfused with HEPES-buffered saline.

Changes in fura-2 fluorescence were measured using a widefield epiflures-
cence system (TILL photonics, Martinsried, Germany) attached to an up-
right microscope (Zeiss, Oberkochen, Germany; Axioskop; Olympus 40x ,
N.A. 0.8 (LUMPIlanFL) water-immersion objective (Olympus Europe, Ham-
burg, Germany)). Fura-2 fluorescence was excited at the isosbestic point
(~356 nm) and at 380 nm for 10 to 50 ms using a monochromator (Poly I or
Poly V, TILL photonics, Martinsried, Germany) and fluorescence emission
above 420 nm was detected with a CCD-camera (TILL Imago super-VGA;
TILL photonics, Martinsried, Germany). TILLvisION (versions 4.0.1.3 and
4.5.18) software was used for image acquisition as well as ratio calculation.
Fluorescence intensity was averaged in regions of interest corresponding to
cell somata, and background was subtracted offline before calculation of the
ratio. In order to standardize the background correction procedure, 50 and
30 % of the average fluorescence in an area of interest around the measured
cells were taken as background and threshold, respectively. Acquisition rates

were 1-2 Hz unless stated otherwise and only cells staining positive for SR101
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were included in the analysis (Aez, 575 nm; Aep, >590 nm, see section 2.1.2
for details). Agonists were pressure applied using fine micropipettes (Hilgen-
berg, Waldkappel, Germany) placed at a distance of about 15 pm from cell
somata (picospritzer II, 8 psi). Antagonists were added to the standard ex-

tracellular solution from stock solutions and washed in for several minutes.

2.2.3 Patch-Clamp Principles

The patch-clamp technique offers the possibility to measure membane po-
tential or membrane currents of a single cell (in whole-cell recordings and
perforated patches) or current across a patch of membrane (in cell-attached
or inside-/outside-out configurations; Hamill et al., 1981). The patch-clamp
amplifier allows to measure voltage and to inject current through the same
pipette.

Besides the different configurations mentioned above, there are two es-
sentially different modes: voltage clamp and current clamp. In current-
clamp mode, the amount of current injected into the cell is kept constant
and changes in membrane potential are measured. In voltage-clamp mode,
the membrane potential of the cell is kept constant and equal to the com-
mand potential, which allows measurement of electric current resulting from
ion fluxes across the plasma membrane. Because the patch-clamp amplifier
injects the amount of current, necessary for keeping the potential of the cell
at the command potential, influx of positive ions into a cell in whole-cell-
mode is shown as negative current (downward deflection) and an outflow of
positive ions as positive current. Consequently, negative currents measured
in whole-cell-voltage clamp mode, can either be due to influx of positive ions
or to outflow of negative ions. Vice versa, positive currents are due to influx
of negative ions or outflow of positive ions. One possibility to determine the
kind of ions involved is the measurement of the reversal potential which can

be calculated with the Goldman equation depending on the permeability of
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the respective ions.

2.2.4 Patch-Clamp in Acute Hippocampal Slices

Somatic whole-cell patch-clamp recordings were carried out as described
earlier (Meier et al., 2006; Edwards et al., 1989), using an Axopatch 200A
or 200B amplifier (Molecular Devices, Sunnyvale, CA, USA) coupled to a
personal computer via a digidata 1322A interface (Molecular Devices, Sun-
nyvale, CA, USA). Fine borosilicate glass pipettes (Hilgenberg, Waldkappel,
Germany) of 1.5 to 3 MQ resistance, filled with standard intracellular so-
lution (refer to section 2.3.1 for composition) were lowered into the slice.
While approaching the cell to be measured, a small amount of continu-
ous pressure was applied. During the whole procedure the amplifier was
set to voltage-clamp mode and test pulses of 5 to 10 mV (either positive
or negative, generated by the ”seal test” feature of PClamp 8.2 software;
Molecular Devices, Sunnyvale, CA, USA) were applied. Once the pipette
had approached the cell an indentation could be seen and the resistance
increased. After correcting the offset, the pressure was released and the
cell membrane formed a tight seal (resistance 1 to 10 GQ2) with the patch-
pipette (cell attached configuration). The holding potential was adjusted
to -85 mV, the expected membrane potential of astrocytes, before suction
was applied and the pipette gained access to the cytosol. A correction for
liquid junction potentials was not applied. IV curves were acquired at 10
kHz and lowpass-filtered at 5 kHz using PClamp 8.2 software. P/N leak
subtraction was carried out online by measuring hyperpolarizing prepulses
(amplitude -10 mV) before starting the voltage-step protocol. TTX (500
nM) was added to the standard extracellular solution only after obtaining
an IV curve and was allowed to wash in for several minutes before agonists
were applied. Muscimol was pressure-applied, using a picospritzer 11 (Gen-

eral Valve/Parker Hanifin, Flein/Heilbronn, Germany) coupled to standard
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micropipettes placed at a distance of approximately 15 pm from the cell so-
mata. Current and voltage responses upon agonist application were acquired

at 1 kHz.

2.3 Solutions and Chemicals
2.3.1 Intracellular Solution

The intracellular solution used for whole-cell patch-clamp recordings con-
tained in mM: 120 K-Gluconate, 32 KCI1, 10 HEPES, 4 NaCl, 0.16 EGTA,
4 Mg-ATP, 0.4 Na-GTP, pH 7.3 (KOH). After preparation the solution was
kept in 1 ml aliquots at -20°C and used for a maximum of 10 days. Once
thawed, intracellular solution was kept on ice and was used for a maximum

of a day.

2.3.2 Extracellular Solutions

The composition of extracellular solutions is shown in table 1. Concentrated
stock solutions of transmitters and blockers were obtained according to table
2 (page 50) and kept at -20°C until use. Blockers were generally bath applied
and dissolved in NR prior to use while substances applied with micropipettes
were dissolved in HR and used for several weeks.

In oder to obtain AlF,, 10 mM NaCl in the extracellular solution was
replaced with NaF and the solution was supplemented with 10 pM AICl3
(Klein et al., 1998). Additionally, extracellular Ca?* was reduced to 1 mM
(Mg?" as substitute), in both NaF and control applications.

Nominally Ca?*-free solution (0 Ca?*) was obtained by substituting
Ca?* for Mg?* and adding 200 uM Ethylene glycol-bis(2-aminoethylether)-
N,N,N’ N’-tetraacetic acid (EGTA) as Ca?* chelator. All other substances
were prepared as stock solutions (see table 2) and added to the extracellular

solution prior to use.
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Table 1: Composition of Extracellular Solutions

ingredients HR NR PR
(in mM) (HEPES buffered (normal ringer) (preparation
saline) ringer, reduced
Ca’t)
NaCl 125 125 125
KC1 3 2.5 2.5
CaCly 2 2 0.5
NaHoPOy4 1.25 1.25 1.25
NaHCOs3 26 26
HEPES 25
MgCl, 1 6
MgSO4 2
Glucose 10 20 20
pH 7.4 7.4 7.4
(with NaOH) when bubbled when bubbled
with 95%02 / 5%  with 95% Oz / 5%
COQ COQ
osmolarity ~300 ~310 ~315

HR was used for cell culture experiments and for dilution of pipette solutions, NR
refers to the standard extracellular solution which was used for all experiments
PR was used for the dissection of P14 and older animals.
contained less Ca?* and more Mg?" in order to reduce neuronal activity during

in the acute slices.

the slicing procedure.
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2.3.3 Chemicals and Stock Solutions

Receptor agonists and antagonists were dissolved in 0-HyO (Sigma-Aldrich,
Taufkirchen, Germany; W3500), DMSO (Sigma-Aldrich; D5879), or other

solvents, as recommended by the manufacturer. Supplier, order number,

concentration of stock solution, solvent, as well as final concentration of

each substance are detailed in table 2.

Table 2: Chemicals and Stock Solutions

substance order stock solution final
number concentration diluted in concentration
AlCI3 06220 * 100 mM o-H20 10 pM
DL-AP5 A5282! 50 mM 70 mM NaHCOs | 100 pM
BaCl, x 2 H20 B0750* 100 mM o-H20 1 mM
Baclofen B5399 ! 10 mM HCI to dissolve; | 50 - 500 M
10 mM HEPES
Bicuculline B6889 ! 10 mM o-H,0 50 uM
CdCl, 20899 * 10 mM o-H20 100 pM
CNQX C1271 50 mM DMSO 10 - 20 pM
CGP55845 12482 10 mM DMSO 3 pM
CPA 2398054 30 mM DMSO 10 pM
CPPG 09722 10 mM 0.1 N NaOH 10 pM
Fura-2-AM MFP F1221% | 5 mM 20% Pluronic | 15 - 500 pM
/DMSO
GABA A2129" 100 mM 0-H20, 100 mM | 0.5 to 1 mM
HEPES, pH 7.4
Tonomycin 10634* 1 mM DMSO 10 pM
MCPG 03362 50 mM 0.11 M NaOH 1 mM
Muscimol M15231 20 mM o-H,O 500 pM
NaF 0285° 10 mM
NiClz x 6 HoO 1.06717* 1M o-H20 2 mM
Pluronic F-127 P6867° 20% (2 DMSO 0.06% - 2%
mg/ml)
PPADS p178t 10 mM o-H20 20 pM
SR101 S7635! 1.65 mM o-H,0 0.5-1pM
t-ACPD 01872 10 mM o0-H20, NaOH 100 uM
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substance order stock solution final
number concentration diluted in concentration
TTX 00061°  or | 10 mM 0-H20 500 nM
T550"
U73122 12682 5 mM DMSO 5 to 10 pM

! Sigma-Aldrich, Taufkirchen, Germany: www.sigmaaldrich.com
2 Tocris, Eching, Germany: www.tocris.com

3 Invitrogen, Karlsruhe, Germany: www.invitrogen.com

4 Merck, Darmstadt, Germany: www.merck.de

5 J.T.Baker, Deventer, Netherlands: www.mallbaker.com

5 Biotrend Chemikalien, Cologne, Germany: www.biotrend.com

" Alomone Labs, Jerusalem, Israel: www.alomone.com

2.4 Data Analysis and Illustrations

Imaging experiments were analyzed using IgorPro software (version 5, Wave-
Metrics Inc., Lake Oswego, OR, USA). Histograms show average ratio
changes of two consecutive applications, except for experiments with CPA
and CGP55845 where only one application was performed.

The number of cells reacting to the GABA 4 and GABA g receptor ag-
onists muscimol and baclofen, respectively, was determined with a routine
written in IgorPro. Cut-off values were chosen according to Ca?T responses
observed in control applications of each substance. Astrocytes were consid-
ered to respond to muscimol, if the ratio within 15 seconds after application
increased by more than 2 standard deviations of noise measured before the
application. Baclofen-induced Ca?* transients were more variable and gen-
erally slower in onset; therefore cells were considered to react if the peak
ratio increased more than 3 standard deviations of noise between 10-120 s
after application. Cells were considered oscillating and were not included in
the analysis, if the standard deviation of baseline values within 25 seconds
before the application exceeded 3 standard deviations of standard noise.

All illustrations were made with Illustrator (version CS2, Adobe Sys-
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tems GmbH, Munich, Germany) and both ImageJ (National Institutes of
Health, USA) and Photoshop (version CS2, Adobe Systems GmbH, Mu-
nich, Germany) were used for images. Illustrated Ca?" imaging traces were
low-pass-filtered using the moving average smoothing function provided in
IgorPro (5 point box smoothing). Baseline values were not preserved in
most illustrations to allow for better comparison of signal amplitudes, unless
a systematic change in baseline was illustrated (cf. figure 19). Patch-clamp
data was analyzed in Clampfit (version 8.2; Molecular Devices, Sunnyvale,
CA, USA) and IgorPro. Three consecutive applications were averaged and

lowpass-filtered for illustrations.

2.5 Statistical Analyses

Statistical analyses were carried out with the routines provided in Igor
Pro (version 6.0; Wavemetrics Inc., Lake Oswego, OR, USA). Considering
that each cell was tested under control and drug conditions, statistical
significance was assessed with the paired t-test and the Wilcoxon signed
rank test at a significance level of 0.05. Each experiment was performed in
at least three slices of at least two different animals; n refers to the number
of tested cells. Baclofen applications in drug conditions were compared to
87.1 % of control, considering that consecutive applications decreased in

amplitude (see figure 21).
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3 Results

3.1 Identification of Astrocytes

The red fluorescent indicator sulforhodamine 101 (SR101, 100 pM) has been
introduced previously, by Nimmerjahn et al. (2004), to specifically label all
protoplasmic astrocytes close to the application site in intact neocortex of
rats at postnatal day (P) 13 and older. During my work, I established a
procedure for labeling astrocytes with SR101 in acute slices and assessed
the usefulness of SR101 as astrocyte marker in hippocampal slices at young
postnatal ages (P03 to P15; see also Kafitz et al., page 123ff). Slices were
stained at 34°C with 0.5 - 1 pM sulforhodamine 101 for 20 minutes, imme-
diately after sectioning the brain (see also section 2.1.2 on page 35).
Somata as well as primary processes of astrocytes could clearly be distin-
guished in the widefield epifluorescence system (figure 12A), when exciting
SR101 at 575 nm and collecting fluorescence emission above 590 nm. Fine
cellular processes were resolved using two-photon-laser scanning microscopy,
where SR101 fluorescence was excited at 850 nm (see figure 12B). SR101-
labeled cells had a morphology typical for astrocytes: cell bodies were about
10 pm in diameter and had several fine processes, some of which extended
towards blood vessels (figure 12B). In fact, blood vessels could clearly be
discriminated, consistent with the idea, that they are enclosed by endfeet of
astrocyte processes (Zonta et al., 2003a; Simard et al., 2003). The pyrami-
dal cell bodies, in contrast to the stratum radiatum, were not stained with
SR101 and the CA1 layer appeared as a black, non-fluorescent band with
the exception of a few small-sized cell somata and a few cellular processes
reaching through the area (figure 12A,B; Kafitz et al., page 123, figure 1).
To confirm that SR101-stained hippocampal cells were indeed astro-
cytes, some cells were characterized electrophysiologically with respect to

their membrane properties and their ability to generate action potentials
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widefield epifluorescence 2-photon microscopy

Figure 12: SR101-Positive Cells Have a Morphology Typical for Astro-
cytes

SR101-positive cells had a diameter of ~10 pm and their fine processes frequently
extended towards blood vessels (both P15, rat hippocampus). Astrocytes in the
stratum radiatum (SR) were used for experiments.

A: SR101 staining as seen in the widefield epifluorescence system: the pyramidal
cell layer (CA1l, outlined by dashed lines) can clearly be seen as non-fluorescent
band (upper left corner) - maximal intensity projection of 15 images taken while
focussing through the slice. Ae;: 575 nm; emission collected above 590 nm.

B: SR101 staining documented with two-photon laser scanning microscopy: small
astrocytic processes can clearly be distinguished. Custom build two-photon mi-
croscope based on an Olympus Fluoview 300 system (Olympus Europe, Hamburg,
Germany) coupled to a Mai-Tai broad band laser (Spectraphysics, Darmstadt, Ger-
many); Aez: 850 nm, emission collected between 610 nm and 630 nm; z-projection
of 15 optical sections at a distance of 1.0 pm, zoom 1.0; scale bars 20 pm.
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(see also Bergles and Jahr, 1997; Steinhduser et al., 1992; Zhou et al., 2006).
All SR101-positive cells at P03 and P15 which were characterized electro-
physiologically exhibited properties typical for astrocytes (n = 9 at P03, n
= 11 at P15). First, their resting membrane potential was highly negative
(P03: -84.2 £ 3.5 mV; P15: -85.5 £+ 2.3 mV); second, they had low input
resistances, especially at P15 (P03: 46.1 + 19.7 MQ; P15: 4.0 £ 1.4 MQ);
and finally, their capacitance was high (P03: 61.7 + 17.4 pF; P15: 115.3 +
41.9 pF; see also Kafitz et al., page 123ff).

In agreement with the developmental profile established by Zhou et al.
(2006), all recorded cells at P03 (n=9/9; figure 13A) exhibited a non-linear
IV-relationship. In contrast, the majority (~70%) of astrocytes investigated
at P15 had a linear IV-relationship and corresponded to typical passive as-
trocytes described earlier (n= 8/11; figure 13B; 5 of these cells were depo-
larized up to +55 mV, the other 6 only to 425 mV owing to overload of
the amplifier). The remaining three cells recorded at P15 had non-linear
IV-relationships, similar to the cells recorded at P03, also being in line with
the results from Zhou et al. (2006, ; see also Kafitz et al.). In addition, none
of the SR101-labeled cells exhibited voltage-dependent sodium currents (n
= 20) and none elicited action potentials when depolarized to a membrane
potential of up to + 50 mV (n = 5, not shown). In conclusion, in juvenile
and adult rat hippocampus, the SR101-positive subpopulation of cells cor-
responded to classical astrocytes with a high potassium conductance and
lack of voltage-gated sodium channels.

In order to perform Ca?* imaging experiments, slices were co-loaded
with the Ca?T-sensitive indicator dye fura-2 by pressure injection of fura-
2-AM (~500 pM) into the stratum radiatum. In general, more cells were
loaded with fura-2 than with SR101, as fura-2, in contrast to SR101, was also
taken up by neurons and small cells with astrocyte morphology in the stra-

tum radiatum (figures 14A, P03; and 15A + B P15). When co-loaded with
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Figure 13: SR101-Positive Cells Have Astrocytic Properties at P03 and
P15

SR101-positive cells at P3 (A) and P15 (B) were voltage-clamped at -85 mV and
voltage was stepped from -110 to +55 mV (see bottom insert).

A1, B1: Non-leak-subtracted (unls; black) and leak-subtracted (Is; grey) traces,
representative for the respective age (n = 9 and 11 at P03 and P15, respectively).
A2, B2: Current measured 10 ms after initiation of the voltage-step plotted ver-
sus voltage is unlinear in young cells (A2), typical for immature astrocytes. At
P15 (B2), most cells show a linear IV-relationship, typical for mature astrocytes.
Inserts: SR101 fluorescence of the recorded cells, scale bar valid for both images.
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Figure 14: SR101-Negative Cells at P03 Likely Correspond to Immature
Glial Cells

A: Fura-2-AM (A1) and SR101 (A2) stainings of rat hippocampal slices at P03.
Overlay of fFura-2 and SR101 fluorescence (A3); note that there are many small
cells in the stratum radiatum (arrows) which are stained with fura-2, but not with
SR101. Their number amounted to roughly 55% of all cells with astrocyte mor-
phology in the stratum radiatum.

B: Leak-subtracted IV-curves of SR101-negative cells at P03 reveal inward currents
resembling voltage-gated Na™ currents; same voltage-step-protocol as in figure 13).
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overlay: Fura-2 and SR101 overlay: transmission and SR101

Figure 15: Almost All Fura-2-Positive Cells with Astrocyte Morphology
are Labeled with SR101 at P15

A: Images taken with the widefield epifluorescence system showing typical fura-2
(A1) and SR101(A2) fluorescence; maximal intensity projections of five images
each.

B:Overlay of fura-2 and SR101 fluorescence. Roughly 90% of cells with astrocyte
morphology (as determined by staining with fura-2 or the Na™ indicator dye SBFI)
were also stained with SR101. Note that CA1 pyramidal cells are not stained with
SR101, whereas most cells in the stratum radiatum are yellow, denoting colocaliza-
tion of fura-2 and SR101.

C: The transmitted light image is overlaid with a contrast enhanced image of SR101
fluorescence depicting localization of astrocytic cell bodies. Additionally, the typical
size and location of the application pipette is shown.
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fluorescent indicator dyes for either Na®™ (SBFI) or Ca?*t (fura-2), roughly
90% of indicator-loaded cells with astrocyte morphology in the stratum ra-
diatum at P15 were positive for SR101 whereas at P03 this fraction was
only about 55%. Four of these young SR101-negative cells were charac-
terized electrophysiologically (see also Kafitz et al., page 123ff for a more
thorough characterization of SR101-negative cells). Their properties varied
considerably from those of SR101-positive cells at the same age: (1) their
resting membrane potential was less negative (-48.1 £ 4.0 mV), (2) their
input resistance was much higher (between 350 and 4000 M), (3) their
membrane capacitance was lower (21.1 4+ 2.8 pF), and (4) all of them exhib-
ited fast-inactivating inward currents, most likely representing voltage-gated
Na™ currents (figure 14B; n = 4). Nevertheless, none of the SR101-negative
cells elicited action potentials upon depolarization up to +50 mV (n=3).
Hence, SR101-negative cells with astrocyte morphology in the stratum ra-
diatum presumably correspond to cells previously referred to as outward
rectifying glia (ORG; Zhou et al., 2006).

Immunohistochemical stainings with an antibody directed against glial
fibrillary acidic protein (GFAP) revealed that 80% of SR101-positive cells at
P15 were positive for GFAP (Kafitz et al., page 123ff, immunohistochemistry
carried out by Jonathan Stephan).

Taken together, these experiments validate staining with SR101 as a
tool for identification of astrocytes in the acute slice. At P15, most cells
with astrocyte morphology were stained, whereas at P03 a large propor-
tion of cells, morphologically resembling astrocytes, was not stained with
SR101. The fraction of non-SR101-stained cells with astrocyte morphol-
ogy likely corresponded to another subpopulation of glial cells, the propor-
tion of which decreases during maturation (Zhou et al., 2006). The SR101-
labeled subpopulation of cells exhibited astrocytic properties as confirmed

with patch-clamp recordings and immunohistochemistry for GFAP (Kafitz
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et al., page 123ff). While SR101-positive cells at P03 exhibited a non-linear
IV-relationship, they resembled classical passive astrocytes at P15 (see also

discussion, section 4.1).

3.2 GABA-Induced Ca?" Signaling

Ca?* transients in astrocytes are implied in neuron-glia interaction, as as-
trocytes release gliotransmitters such as adenosine triphosphate (ATP), glu-
tamate, and y-aminobutyric acid (GABA) by which they influence the neu-
ronal network (see also section 1.1.4; Kang et al., 1998; Serrano et al., 2006;
Zhang et al., 2003; Liu et al., 2000). The mechanism of GABA-induced Ca?*
transients in hippocampal astrocytes has not been elucidated in detail. In
the present study, increases in [Ca?*]; of hippocampal astrocytes in acute
brain slices upon activation of GABA receptors were investigated by pres-
sure application of GABA (0.5 - 1 mM; 100 - 500 ms) with micropipettes
onto SR101-positive astrocytes in the stratum radiatum (see figure 15 for
identification of astrocytes as well as typical size and location of application
pipette). Changes in [Ca?T]; were measured with the fluorescent Ca*t in-
dicator dye fura-2 (see section 2.2.1 for details). 500 nM TTX was added
to the extracellular solution to block neuronal activity, unless stated other-
wise. Astrocytes at P15 exhibited [Ca?"]; increases of up to 80 nM when
challenged with GABA (figure 16). The average [Ca®"]; increase was 45 nM
from a resting [Ca?t]; of ~75 nM (n = 8). Ca?* transients started about 1
s after application and peaks were reached after ~20 s (n = 8).

Astrocytes express both ionotropic and metabotropic GABA receptors
(Fraser et al., 1995; MacVicar et al., 1989; Charles et al., 2003b; Oka et al.,
2006). Their involvement in the GABA-induced Ca?" transient was investi-
gated by application of specific receptor antagonists. The GABA 4 receptor
antagonist bicuculline (50 pM; Fraser et al., 1995) partially blocked GABA-
induced Ca?* signals in astrocytes (45% reduction; n = 8). CGP55845 (3
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Figure 16: GABA-Induced Ca’?" Transients in Astrocytes are Mediated
by both GABA 4 and GABA Receptors

A: Changes in the fura-2 ratio elicited by GABA (100 ms, 1 mM) were partially
blocked by the GABA 4 receptor agonist bicuculline (50 nM; bic). The remainder
of the signal was blocked by the GABApg receptor antagonist CGP55845 (3 pM;
CGP). After washing out the drugs, the signal recovered partially.

B: Bar chart showing mean change in fura-2 ratio (left axis; a.u. = arbitrary units
corresponding to change in ratio) and corresponding [Ca?T]; increase (right axis,
n= 8), peaks were measured approximately 20 s after GABA application, error bars
correspond to standard deviation (S.D.); resting [Ca?T]; was ~ 75 nM.
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nM), a specific GABA g receptor antagonist (Davies et al., 1993), blocked the
remaining signals virtually completely (n = 8). After washout of bicuculline
and CGP55845 the responses recovered to about 20% of control (figure 16;
n = 8). Because the GABAp receptor antagonist was largely irreversible
(see below), this partial recovery could be attributed to the activation of
GABA 4 receptors. These results show that the GABA-induced Ca?* tran-
sient in mature astrocytes was mediated by both GABA, and GABAp

receptors.

3.3 Mechanism of GABA, Receptor-Mediated [Ca’"]; In-

creases

In subsequent experiments the mechanisms of GABA, and GABAp
receptor-mediated [Ca?*]; increases were investigated in detail using specific
receptor agonists for each receptor type: GABA 4 receptors were activated
by muscimol and GABA g receptors with the specific GABAp receptor ag-
onist baclofen.

Muscimol (100 ms, 500 pM), when pressure-applied with fine mi-
cropipettes at a distance of 10 to 20 pm from the soma of an astrocyte,
instantaneously caused small [Ca?*]; increases of up to 20 nM (see also sec-
tion 3.5). The peak [Ca?*]; was reached 4-6 seconds after application (P03:
3.9+ 27s,n=065; P15 58 £34s,n=062).

In whole-cell voltage-clamp recordings, all of the cells tested exhibited
large inward currents when challenged with 500 pM muscimol for 50 ms (n=
19; 8 at P03, figure 17A1; and 11 at P15, figure 17B1). 50 uM bicuculline, a
selective GABA 4 receptor antagonist, reversibly blocked this current (figure
17, A1 and B1; n=7, 2 at P03 and 5 at P15). In current clamp mode,
astrocytes were strongly depolarized upon GABA 4 receptor activation with
muscimol (n=6; 2 at P03 and 4 at P15, figures 17 A1l and B2, respectively).

The membrane potential depolarized by more than 60 mV from a typical
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Figure 17: Muscimol Induced Inward Currents and a Membrane Depo-

larization at P03 and P15

A1, B1: Inward currents induced by muscimol (50 ms, 500 pM; n = 8 and 11 at
P03 and P15, respectively) were reversibly blocked by bicuculline (50 nM) at P03

(A1, n =2) and P15 (B1, n = 5).

A2, B2: Current-clamp recordings revealed large membrane depolarizations of
astrocytes at P03 (A2, n = 2) and P15 (B2, n = 4) upon application of muscimol.



resting potential of -85 mV, and reached values of up to -20 mV. These
results are consistent with opening of C1~ channels and subsequent eflux of
Cl~ upon GABA 4 receptor activation, as described earlier (MacVicar et al.,
1989).

The origin of the GABA 4 receptor-mediated [Ca?T]; increase was in-
vestigated further with pharmacological tools. As expected, bicuculline (50
M) reversibly blocked muscimol-induced Ca?* transients at P03 and P15
(n = 7 each; figure 18). Additionally, perfusion with nominally Ca?*- free
extracellular solution (see section 2.3) blocked the Ca?' transient (n = 4
and 5 at P03 and P15, respectively; figure 18). Thus, Ca?* influx from the
extracellular space was underlying the [Ca?]; increase.

The involvement of voltage-activated Ca?T channels in the signaling cas-
cade had been implied in a previous studie in acutely isolated astrocytes
(Fraser et al., 1995). To test this possibility, I applied muscimol in the
presence of 2 mM Ni%*, an unselective blocker of voltage-activated Ca’*
channels. In both, P03 and P15 astrocytes, Ni*T reversibly blocked the
muscimol-induced Ca?* transient (n = 3 and 7, respectively; figure 18),
suggesting involvement of voltage-gated Ca?t channels.

To collect further evidence for the involvement of voltage-gated Ca?*t
channels, experiments with Ba?T were performed. Besides being permeable
for Ca®*t, voltage-activated Ca?t channels are permeable for other divalent
ions. Ba?T, in comparison to Ca?T, slows the rate of channel inactivation
and even has a higher permeability than Ca?* through most voltage-gated
Ca?* channels (Carmignoto et al., 1998). Because fura-2 is also sensitive
to Ba?*T (Haugland, 2005), muscimol (100 ms 500 pM) was applied in the
presence of 1 mM Ba?* (n = 8), expecting that the Fura-2 ratio would
increase more than with Ca?* alone. The results of this experiment have to
be interpreted with caution, as Ba?T shifted the baseline ratio, mimicking

an increase in [Ca?*];. The signals elicited by muscimol in the presence of
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Figure 18: The Pharmacological Profile of Muscimol-Induced Ca?* In-
creases is Similar Throughout Development

Pharmacology at P03 (A) and P15 (B). A1, B1: [Ca%*]; increases elicited with
muscimol (100 ms 500 pM) were almost completely blocked by 50 pM bicuculline,
0 mM Ca?* / 200 tM EGTA or 2 mM Ni?*, being consistent with Ca?* influx
through voltage-gated Ca?* channels.

A2, B2: Bar charts quantifying muscimol-induced [Ca?*]; increases in the presence
of drugs and after wash-out, normalized to previous control applications in the same
cells.
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Figure 19: Ba’?" Changes Amplitude and Time Course of Muscimol-
Induced Ca?* Transients

A: The muscimol-induced (100 ms, 500 M) ratio change is present in 1 mM Ba?*,
however, Ba?t seems to have long lasting influences on fura-2 fluorescence (P07;
n=_8).
B: Bar chart quantifying the observed ratio increase in the presence of and after
Ba?*.

Ba?* were larger than in the absence of Ba?t (figure 19). However, the
time course of the Ca?* transients elicited in Ba?* differed from that of
the control application, and the signal did not recover to baseline (n=8,
P07; figure 19A). The change in the kinetic of the signal was reversible after
wash-out of Ba?*, but the change in baseline did not recover, indicating
a long-term effect of Ba?t either on Ca?* homeostasis in astrocytes or on
fura-2.

The pharmacological profiles of GABA 4 receptor-mediated [Ca?T]; in-
creases at P03 and P15 are summarized in figure 18 (A2 and B2, respec-
tively). The mechanism of GABA 4 receptor-mediated [Ca?*]; increases in
astrocytes was identical during development from P03 to P15.

Accordingly, these results confirm that GABA, receptor-mediated
[Ca?T]; increases in both juvenile and adult rat hippocampal astrocytes
were due to depolarization and subsequent Ca?* influx through voltage-

gated Ca?* channels.
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3.4 Mechanism of GABAjp Receptor-Mediated [Ca®*']; In-

creases
3.4.1 Characteristics of Ca?’t Responses

GABApR receptor-mediated Ca?t responses in SR101-positive hippocam-
pal astrocytes were examined, using the specific GABAp receptor ago-
nist baclofen. When baclofen (100 ms, 500 pM) was pressure-applied onto
acute hippocampal slices of P15 animals, ~55% of astrocytes (n=35/65)
responded with a [Ca?*]; increase that was several seconds delayed and typ-
ically reached its peak about 30 seconds after the application (31.4 s + 9.6
s; n = 201 applications in 35 cells).

The amplitudes and time courses of baclofen-evoked Ca?* transients var-
ied among neighboring cells and did not correlate with the distance from the
pipette (figure 20). Hence, individual cells respond differently to GABAp
receptor activation, and amplitudes of [Ca?*]; increases elicited by baclofen
did not only depend on the concentration of baclofen. Ca?T increases were
in the range of 5 to 270 nM and the average increase was 45 £50 nM. Lower
concentrations of baclofen (500 ms, 50 pM) also elicited Ca?*t transients
in astrocytes, which varied between 10 nM and 105 nM (n = 6; P15; not
shown).

Interestingly, a variability in amplitude and time course of [Ca?']; in-
creases was also observed when one and the same cell was repetitively chal-
lenged with baclofen at an interval of six minutes (see figure 21 for sample
responses). Consequently, I generally averaged two consecutive applications
under either control or drug conditions. Repetitive applications exhibited a
small run-down in the amplitudes of baclofen-induced [Ca?*]; increases (fig-
ure 21B): the mean amplitudes of the third and fourth application amounted
to ~87% of the first two applications (n=32; figure 21B2, second bar), and
that of the fifth and sixth to ~79% (n=15; figure 21B2, third bar).
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Figure 20: Amplitudes of Baclofen-Induced [Ca®"]; Increases in Astro-
cytes Did Not Correlate with the Distance from the Pipette

A: Ca®* transients elicited with baclofen (100 ms, 500 tM) in an acute slice. Traces
(A3) show changes in [Ca?t]; in regions of interest (r1 to r6) depicted in Al. The
solid line denotes the time point at which baclofen was applied. The location of
the application pipette is illustrated in A1 and A2; the transmission image (A2)
is overlayed with contrast enhanced SR101 fluorescence to show location of cell
bodies.

B: Color coded images of [Ca?T]; (see scale bar). Ratio images have been converted
into [Ca?T]; and were overlayed with a mask obtained from SR101 fluorescence in
order to show changes in [Ca?T]; selectively in SR101-positive cells (P15).
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Figure 21: Baclofen Induced Ca?* Increases in Astrocytes in the Acute
Slice

A: Responses of three different cells (cell 1-3) to six consecutive baclofen applica-
tions (100 ms, 500 pM) at an interval of six minutes. The Ca?" transients did vary
both in amplitude and time course.

B: Quantification of baclofen-induced [Ca?*]; increases. The left bar chart (B1)
shows mean ratio changes and corresponding [Ca?T]; increases induced by the single
baclofen applications. In pharmacological experiments, two applications under each
condition were generally averaged. The right bar chart (B2) depicts the observed
run-down of baclofen-induced [Ca?T]; increases under this paradigm. Each bar cor-
responds to averaged mean values of two consecutive applications. The second and
third bars are normalized to the average of the first two applications. Numbers
refer to application numbers; error bars depict standard deviation (S.D.).

69



Next, I investigated baclofen-induced [Ca?T]; increases in primary cul-
tures of hippocampal astrocytes. After 8 to 14 days in vitro (DIV), astro-
cytes were typically distributed in a monolayer and most cells were spread
out over large distances. GABAp receptor activation with baclofen (10 s,
500 pM) evoked [Ca?T]; increases in only a few cells in cultures (DIV 8-14).
Altogether, 25 out of more than 315 cells reacted (<8%). On one coverslip
(DIV 11) 24 out of 143 cells responded with a [Ca?*]; increase, whereas on
the remaining five coverslips (DIV 8, 11 and 14) only one out of more than
172 cells reacted. Typically, consecutive baclofen applications elicited only
small changes in [Ca?*]; (not shown).

However, in contrast to the acute slice, small cellular processes could be
resolved in cultured cells with the monochromator-based widefield imaging
system. In the few cells that responded, baclofen (10 s, 500 nM) typically
elicited intracellular Ca?* waves which started in the periphery of astrocytes
and only sometimes invaded the soma (figure 22).

Owing to the small number of responding cells as well as the unreliability
of repetitive signals in cultures, all subsequent experiments were performed

in acute slices.

3.4.2 Direct vs. Indirect Activation of Astrocytes

Given that in acute slices the hippocampal network remains largely intact
(see section 1.2 and figure 2), interactions of astrocytes with other cell types
cannot be excluded. In addition, drugs applied onto intact slices activate
not only astrocytic receptors, but also receptors of other cell types which
subsequently might release ” glioactive” substances. Therefore, the next sub-
set of experiments aimed at elucidating whether astrocytic [Ca?*]; increases
upon GABAR receptor activation were due to a direct or indirect activa-
tion of astrocytes. A pharmacological approach was chosen to answer this

question.
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Figure 22: Baclofen Induced Intracellular Ca?t Waves in Cultured As-
trocytes

A: Ca?T transients (A1) measured in the regions depicted in A2 (which also illus-
trates the position of the application pipette); A3, fluorescence image of astrocytes
in culture loaded with fura-2; A4, transmission image of cultured astrocytes, note
the position of the application pipette at the left; DIV, days in vitro.

B: Color-coded [Ca?*]; images, showing a typical response to baclofen in cell cul-
ture; time after application is indicated in each image.
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The specific GABAp receptor antagonist CGP55845 (3 uM; n = 9)
blocked baclofen-induced Ca?* signals virtually completely (figure 23), indi-
cating that [Ca?t]; increases were indeed mediated by activation of GABAp
receptors. To investigate whether astrocytic [Ca?t]; increases elicited by
baclofen were secondary to neuronal activity, I compared baclofen-induced
[Ca%t]; increases in the absence and presence of TTX (500 nM). Blocking
neuronal action potential firing and subsequent transmitter release with 500
nM TTX did not reduce the baclofen-induced Ca?* signal in astrocytes (n =
14; figure 23; no TTX in extracellular solution during control applications).

In addition to blocking action potential generation with TTX, synap-
tic transmitter release is impeded by blocking high voltage-activated Ca?*
channels (Araque et al., 2002). A possible influence of neuronal transmit-
ter release on the baclofen-induced Ca?* signal was examined by blocking
neuronal transmitter release with 100 pM Cd?*. However, similar to the ex-
periments with Ba?*t, Cd?* caused the fura-2 ratio to increase continuously
(n = 8), mimicking an increase in baseline [Ca?T];. Additional increases in
the fura-2 ratio could clearly be evoked by baclofen (100 ms, 500 pM; n = 8;
not shown). These ratio changes likely reflected [Ca?"]; increases induced
by GABA p receptor activation, however, quantification was not attempted
owing to the interaction of Cd?* with fura-2 (Marchi et al., 2000; Haugland,
2005) and / or Ca?* homeostasis (Marchi et al., 2000).

To further investigate a possible involvement of voltage-gated Ca?* chan-
nels in the baclofen-induced [Ca?*]; increase in astrocytes, I applied baclofen
in the presence of Ni?*T, which is an unspecific inhibitor of voltage-gated
Ca?* channels. Ni?*t (2 mM) neither altered the Ca?* transient substan-
tially (n = 6; figure 23), nor had any influence on fura-2 fluorescence, despite
being a divalent ion.

Taken together these data indicate that baclofen-induced [Ca®*]; in-

creases in astrocytes did not depend on neuronal activity and transmitter
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Figure 23: Mechanism of GABA ; Receptor-Induced [Ca’?"]; Increases

A: Baclofen-induced (100 ms, 500 pM) Ca?* transients in astrocytes were blocked
by the GABA g receptor antagonist CGP55845 (3 nM; Al). Neither TTX (500 nM;
A2) nor Ni** (2 mM; A3) considerably altered the amplitude of GABA g receptor-
mediated [Ca®*]; increases.

B: Bar chart quantifying baclofen-evoked [Ca?*]; increases of all experiments. Ba-
clofen applications in the presence of drugs are compared to 87% of control as the
[Ca?T]; increased caused by consecutive applications decreased in amplitude (cf.

figure 21).
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release. Furthermore, voltage-gated Ca?t channels were not involved in the
signaling pathway of GABAp receptor-mediated [Ca?T]; increases in hip-

pocampal astrocytes.

3.4.3 Ca?t Influx vs. Ca2?t Release

The next step was to determine whether Ca?* influx from the extracellular
space or Ca?* release from intracellular stores is underlying the the GABA
receptor-induced [Ca?*]; increase. To this end, experiments in nominally
Ca?*-free extracellular solution were performed.

In addition to baclofen, a control substance, trans-(1S,3R)-1-Amino-1,3-
cyclopentanedicarboxylic acid (t-ACPD; 100 ms, 100 pM), was applied to
ensure that intracellular stores did not deplete and were capable of releas-
ing Ca?t. t-ACPD activates metabotropic glutamate receptors in astro-
cytes and thereby releases Ca?* from IP3-sensitive intracellular stores (Floyd
et al., 2001). In nominally Ca?*-free saline, the amplitudes of Ca?* tran-
sients evoked by either substance were strongly reduced (see figure 24A1; n
=13 and 4 for baclofen and t-ACPD, respectively). Interestingly, Ca?*-free
extracellular solution reduced both Ca?T transients alike. In addition, when
reperfusing with Ca?T-containing solution (2 mM Ca?*, 1 mM Mg?*) both
signals were restored to roughly 50% of control after ~17 minutes (figure
24A1). In contrast, muscimol-induced Ca?* signals, mediated by Ca?* in-
flux from the extracellular space, were completely restored within 8 to 10
minutes of reperfusion (n = 16; cf. figure 18).

The reduction of the t-ACPD-induced signal implies that intracellular
Ca?t stores in astrocytes rapidly deplete in the absence of extracellular
Ca?*. Taken together, the data obtained in nominally Ca?*-free extracellu-
lar solution suggest that baclofen acted onto the same cellular compartment
as t-ACPD. Hence, GABAp receptor activation in astrocytes likely causes

Ca?* release from inositol-1,4,5-trisphosphate (IP3)-sensitive intracellular
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Figure 24: GABAjg Receptors Activate G Proteins and Cause Ca’t
Release from Intracellular Stores

Baclofen-induced (100 ms, 500 tM) [Ca?*]; increases are compared to Ca* tran-
sients elicited by t-ACPD (100 ms, 100 pM), a metabotropic glutamate receptor
agonist,.

A: When omitting extracellular Ca?*, both transients are reduced in the same
manner (A1). 10 pM cyclopiazonic acid (CPA) caused a [Ca?*]; increase due to
leakage of Ca?" from intracellular stores. [Ca?T]; increases evoked by baclofen and
t-ACPD were strongly reduced under this paradigm (A2). In addition, activation
of heterotrimeric G-proteins with 10 tM AlF; reversibly prevented further [Ca®*];
increases evoked by either baclofen or t-ACPD (A3).

B: Mean ratio changes evoked by baclofen and t-ACPD were normalized to control
and quantified in a bar chart.
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stores.

To test this hypothesis, I made use of the drug cyclopiazonic acid (CPA).
CPA reduces the Ca?*t content in intracellular stores by reversibly inhibiting
the sarco-endoplasmic-reticulum Ca?t ATPase (SERCA pump). When the
SERCA pump is inhibited, intracellular Ca?* stores are not refilled (see
also section 1.1.3 and figure 1) and as Ca?t constantly leaks out of the
intracellular Ca?*t stores, they deplete and a [Ca*t]; increase is observed
(Dallwig et al., 2000). CPA (10 pM), which was applied in the presence of
2 mM extracellular Ca?*, caused a marked [Ca?*]; increase in hippocampal
astrocytes. During depletion of intracellular Ca?* stores, [Ca2+]l- increases
elicited by either baclofen (n = 8) or t-ACPD (n = 5; control for depletion
of stores) were reduced by 70% and 90%, respectively (figure 24A2, B),
again suggesting that baclofen induced Ca?* release from intracellular Ca?*
stores.

Two distinct endoplasmic reticulum Ca?T stores exist in astrocytes
(Golovina and Blaustein, 2000). One is sensitive to ryanodine and caf-
feine, the other one to IP3. Because CPA does not interfere with the
ryanodine-sensitive pool (Tanaka and Tashjian, 1993), IP3 is likely involved
in the GABA g receptor-mediated [Ca?*]; increase. IP3 production is com-
monly linked to phospholipase C (PLC) activation (see also section 1.1.3;
Verkhratsky et al., 1998). Accordingly, I attempted to block PLC-dependent
IP3 production with the membrane permeable PLC blocker U73122 . Again,
t-ACPD was used as a control substance to ensure that U73122 indeed
blocked PLC-dependent [Ca?*t]; increases. However, the t-ACPD-induced
control signal was not considerably influenced by U73122 (5 and 10 pM)
in the acute slice (n = 4, not shown). Given that, in primary astrocyte
cultures, U73122 (5 pM) almost completely blocked t-ACPD-induced Ca?*
signals (n = 10; experiments performed together with Claudia Roderigo), I

concluded that the drug did not reliably reach its target in the acute slice.

76



In cell cultures PLC involvement in the GABA  receptor-mediated [Ca?*];
increase could not be assessed owing to the small number of responding cells
and the strong run down of the baclofen-induced Ca?* signal (see page 70).

IP3 is typically produced intracellularly following activation of G protein-
coupled signaling cascades. IP3 activates IP3 receptors on the endoplasmic
reticulum (see also section 1.1.3) and Ca?™ is released. To test for G protein
involvement in the GABA g receptor-mediated signaling cascade, I activated
heterotrimeric G proteins with AIF,; (NaF /AICl3, see also solutions on page
48; Chen and Penington, 2000; Wittinghofer, 1997) and tested whether fur-
ther increases in [Ca®*]; could be evoked by baclofen. Again, t-ACPD served
as a control for G protein activation. As expected, the activation of G pro-
teins with AIF; (10 pM, n = 11) induced a [Ca®T]; increase and largely
precluded further [Ca?"]; increases upon application of either baclofen (n
= 11) or t-ACPD (n = 4). Evoked signals were reduced by 95% and 70%,
respectively (figure 24 A3, B). In conclusion, the signaling cascade releas-
ing Ca?* from intracellular stores upon GABAp receptor activation likely
involves G proteins.

Taken together, the above experiments indicate that GABAp receptor
activation induces Ca?t release from IPs-sensitive intracellular stores via a

G protein-dependent mechanism.

3.4.4 Cross-Talk with the GABA g Receptor

Astrocytic [Ca?T]; increases are evoked by activation of many different neu-
rotransmitter receptors. Because Ca?T is their common second messenger,
different receptors influence the functional state of the cell by converging
onto the same effector proteins (see also Verkhratsky et al., 1998). Interplay
between different receptors can occur much earlier in the signaling cascade as
well. Both interactions at the receptor level via protein-protein-interaction

and at different levels of the G-protein transduction pathways activated
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by metabotropic receptors have been described earlier (Selbie and Hill,
1998; Tabata and Kano, 2006). Glutamate, for example, enhances GABA 4
receptor-mediated responses in the cortex (Stelzer and Wong, 1989); and
GABAp receptor activation in the cerebellum postsynaptically augments
metabotropic glutamate receptor (mGluR) type 1-mediated currents and
[Ca?*]; increases in Purkinje cells (Hirono et al., 2001; Tabata and Kano,
2006). In order to test for receptor interactions with the GABAp receptor
in hippocampal astrocytes, I examined baclofen-induced Ca?* signals in the
presence of different non-GABA g receptor antagonists.

Neither the GABA 4 receptor blocker bicuculline (50 nM; n=20) nor the
broad spectrum purinergic receptor antagonist PPADS (20 pM; n=12) influ-
enced amplitude or time course of baclofen-induced [Ca?*]; increase (figure
25A1, A2, B; p= 0.509 and 0.769, respectively, paired t-test). Antagonists
of ionotropic glutamate receptors (figure 25A3, B; 10-20 pM CNQX plus 100
pM DL-AP5; n = 10, p= 0.386) slightly, but not significantly, increased the
baclofen-induced Ca?* signal. The competitive group I/II mGluR antago-
nist MCPG (figure 25B; 1 mM; n = 14), reduced the baclofen-induced Ca?*
signal to ~58% of control (p = 0.036; paired t-test; 11/14 cells reduced).
However, when combining MCPG with the group II/III mGluR antagonist
CPPG (figure 25A4, B; 1 mM MCPG plus 10 pM CPPG; n = 9) the result-
ing reduction (remaining signal ~66%; 7/9 cells reduced) was not significant
(p = 0.149, paired t-test). The Wilcoxon signed rank test, which is used for
non-parametric samples rendered similar results.

Because these experiments suggested a possible interaction between
metabotropic glutamate receptors and GABA g receptors, an additional set
of experiments was performed. The metabotropic glutamate receptor ago-
nist t-ACPD was applied in the presence of low concentrations of baclofen,
which themselves did not increase [Ca?*];. In the presence of baclofen (1

uM), the t-ACPD-induced Ca?* transient, on average, was increased to
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Figure 25: Cross-Talk of GABA g Receptors with Metabotropic Gluta-
mate Receptors Cannot Be Excluded

A: Baclofen-induced Ca?* transients were not considerably altered by the GABA 4
receptor antagonist bicuculline (50 pM; A1l; p= 0.509), the purinoreceptor antago-
nist PPADS (20 pM; A2, p= 0.769), and antagonists of ionotropic glutamate recep-
tors (10-20 pM CNQX plus 100 pM DL-AP-5; A3, p= 0.386). The metabotropic
glutamate receptor (mGluR) agonists MCPG (1 mM) plus CPPG (10 uM) reduced
the baclofen-induced Ca?* signal, however, this reduction was only significant in
MCPG (1 mM) alone (B; p= 0.149 and p = 0.036, respectively). In the experiments
with PPADS, ATP (100 ms, 10 pM) served as a control whereas in the experiments
with mGluR antagonists, t-ACPD (100 ms, 100 pM) was applied as control. Be-
cause bicuculline as well as CNQX and AP-5 were known to reliably work in the
slice, experiments with these substances were performed without application of a
control substance.

B: Bar chart quantifying baclofen-induced [Ca?*]; increases of all experiments. An
additional bar shows the remaining signal when baclofen was applied in the pres-
ence of the non-selective group I/II mGluR antagonist MCPG (1 mM) alone. Bars
depict averaged mean values of two consecutive applications + S.D.; n= 9-20 cells
as indicated below each bar.
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127% of control (figure 26; n = 11; p = 0.012, paired t-test). However, the
enhancement of the [Ca?t]; increase was variable between the different cells

and in 3/11 cells, the Ca?" signal was not augmented.
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Figure 26: Metabotropic Glutamate Receptor Mediated Calcium In-
creases are Slightly Enhanced by Baclofen

A:Ca’" transients elicited by the group I/II metabotropic glutamate receptor ag-
onist t-ACPD (100 ms, 100 nM) were slighty enhanced in the presence of 1 pM
baclofen, which itself did not increase [Ca?*];.

B: Bar chart quantifying the observed ratio changes. Three consecutive applications
were averaged under each condition.

This result supports an interaction of metabotropic glutamate and
GABAp receptors or cross-talk between their signaling pathways. How-
ever, the results also show that baclofen-induced Ca?* transients were not

primarily dependent on such interactions.
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3.5 Developmental Profile

It is well established that ionotropic GABAergic transmission in neurons un-
dergoes large changes during postnatal development (for review see Ben-Ari,
2002). To study the developmental profile of GABA-induced Ca?* signals
in astrocytes, I compared the responses of astrocytes to GABAergic acti-
vation between P03 and P33+1 (figure 27). The GABA 4 receptor agonist
muscimol (100 ms, 500 pM) generally elicited only small [Ca?*]; increases
of less than 20 nM at all developmental stages investigated (P03, P07, P11,
P15, P21+1, and P33+1; figure 27). The GABA p receptor agonist baclofen
(figure 27; 100 ms, 500 1M) induced [Ca?T]; increases of 45 nM on average

but elicited Ca?* transients of more than 150 nM in several cells (~5%).
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Figure 27: Mean Ca?t Increases Induced by Muscimol and Baclofen

The bar chart depicts the mean increases in ratio (left axis) and [Ca®*]; (right axis)
elicited in astrocytes between P03 and P33+1 by baclofen (100 ms, 500 pM) and
muscimol (100 ms, 500 pM).

Next, I assessed the number of cells responding with a [Ca?t]; increase
upon activation of ionotropic or metabotropic GABA receptors (figure 28).
The percentage of cells exhibiting a [Ca?*t]; increase when challenged with

muscimol (100 ms, 500 uM) ranged between 70% and 100% throughout the
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developmental period investigated (P03 to P33+1). In contrast, the number
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Figure 28: GABA g Receptor-Activation Shows a Clear Developmental
Profile

The bar chart depicts the amount of SR101 positive astrocytes between P03 and
P3341 reacting with a [Ca?*]; increase when challenged with baclofen (100 ms, 500
pM) or muscimol (100 ms, 500 pM).

of cells responding with a [Ca?*t]; increase when challenged with baclofen
differed considerably between the investigated age groups: At the end of
the second postnatal week (P11 to P15) a maximum of 60% of astrocytes
responded with a [Ca?*t]; increase, whereas at the end of the first and third
week (P07 and P21+1) only 25% of cells reacted. Less than 10% of SR101-
positive cells responded to baclofen at P03 and P3341.

Hence, baclofen-induced Ca?* responses in astrocytes exhibited a clear

developmental profile. The majority of astrocytes reacted with [Ca?*]; in-
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creases upon GABAp receptor activation at a time during postnatal de-
velopment when synapses begin to be established. In conclusion GABApg
receptor-mediated Ca?* signaling in astrocytes might play a role during

postnatal maturation of the hippocampal network (see also section 4.4).
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4 Discussion

4.1 Identification of Astrocytes Using SR101

The fluorescent indicator sulforhodamine 101 (SR101) has been found to
specifically label astrocytes in the neocortex of juvenile and adult rodents in
vivo (Nimmerjahn et al., 2004). For the present study, I adapted this method
for acute hippocampal slices and for the first time confirmed the specificity
of SR101 for glial cells not only in mature rats (P15) but also in newborn
(P03) animals. All cells labeled with SR101 clearly had astrocytic properties
concerning both morphology and electrophysiological characteristics.

According to previous studies (Steinhéuser et al., 1992; Zhou et al., 2006;
Wallraff et al., 2004), at least two different subtypes of astrocytes can be
identified in acute slices, depending on their electrophysiological properties,
”passive” and ”complex” cells, the latter also being referred to as ”outward
rectifying glia” (ORG, see also section 1.1.2). SR101-positive cells corre-
sponded to classical passive astrocytes, exhibiting a high K™ conductance
and lacking voltage-gated Nat channels (see also Kafitz et al., page 123ff).
Most SR101-negative cells with astrocyte morphology, exhibited small in-
ward currents resembling voltage-gated sodium channels, and because they
did not generate action potentials upon depolarization, corresponded to
ORG cells (Zhou et al., 2006). ORG cells, likely corresponding to immature
glia or precursor cells (Kressin et al., 1995; Walz, 2000; Zhou et al., 2006),
were not found among the SR101-positive subpopulation.

Interestingly, the proportion of SR101-positive cells with astrocyte mor-
phology in the stratum radiatum increased with age (see also Kafitz et al.,
page 123ff). At P03, only ~55% of presumed astrocytes in the stratum radia-
tum were SR101-positive, whereas at P15 this fraction amounted to ~90%.
According to the literature, the amount of ORG cells in situ decreases with

age, and mature astrocytes have largely passive membrane properties and do
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not express voltage-gated Na®™ channels (Steinhauser et al., 1994; Kressin
et al., 1995; Zhou et al., 2006). Considering that the number of SR101-
negative cells, resembling ORG cells, decreases with age and that SR101-
positive cells largely have passive membrane properties, SR101 apparently
marks mature astrocytes. In addition, at P15, 80% of SR101-positive cells
were positive for GFAP in immunohistochemical studies (Kafitz et al., page
1231F).

Importantly, in patch-clamp and Ca?' imaging recordings, SR101-
positive cells did not differ in their properties from classical astrocytes in
unstained slices (cf. Schools et al., 2006; Zhou et al., 2006; Nimmerjahn
et al., 2004). Therefore, SR101 proves a suitable tool for identifiying classi-
cal astrocytes in vital tissue.

Besides electrophysiology, the first method for identification of astro-
cytes in acute slices was introduced by Dallwig and Deitmer (2002) who
showed that astrocytes, but not neurons, react with a [Ca?T]; increase when
challenged with reduced K* solution (<1 mM). However, only 86 % of as-
trocytes (identified by postrecording staining with a marker for the Ca?*-
binding protein S1003) react with a [Ca?t]; increase when challenged with
low KT solution. In addition, a considerable fraction of S1003 -negative
cells respond as well. Staining with SR101, in contrast, allows us to identify
virtually all classical astrocytes in a certain brain region (Nimmerjahn et al.,
2004). In addition, SR101 staining proves useful for a pre-recording identi-
fication of astrocytes, not only when Ca’t measurements are to be carried
out but also for Na* or pH measurements, electrophysiological recordings,
and even morphological studies.

In addition, SR101-staining is less labor-intensive than post-recording
methods, as for instance immunohistochemical stainings, and ensures that
experiments are carried out on the cell type under investigation. Moreover,

staining with SR101 takes little extra time and besides requiring filter sets
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suitable for red light it is a very inexpensive method.

In contrast to astrocyte identification using GFAP as molecular marker,
SR101 stainings can easily be carried out in either rats or mice and possibly
other mammals, which to this end do not have to be genetically modified.
Furthermore, the SR101-positive subpopulation has defined properties and
evidently is less diverse than the GFAP-positive subpopulation (see also
section 1.1.2).

Taken together, staining acute rat hippocampal slices with SR101 is a
very useful means for identification of astrocytes in imaging and electrophysi-
ological experiments. SR101-positive cells, in comparison to GFAP-positive
cells, are a much more defined subpopulation of astrocytes, which com-
pletely lack voltage-gated Na™ channels, and likely correspond to classical

astrocytes.

4.2 GABA-Induced Ca?" Signaling

The main goals of this study were to elucidate the cellular mechanisms of
GABA-mediated Ca?* signaling in hippocampal astrocytes in situ and to

assess the cellular responses of astrocytes at different postnatal ages.

4.2.1 GABA , Receptor-Mediated Ca?* Signaling

As expected from earlier experiments in cell cultures and acutely dissoci-
ated cells (Nilsson et al., 1993; Fraser et al., 1995), muscimol, a GABA 4
receptor agonist, depolarized SR101-positive astrocytes in acute hippocam-
pal slices and elicited Ca?*t transients in SR101-positive cells from P03 to
P34. Because bicuculline, Ni?T, and Ca?*-free extracellular solution largely
and reversibly blocked muscimol-induced Ca’*t transients (cf. figure 18),
GABA 4 receptor activation presumably caused Ca?*-influx from the extra-
cellular space through voltage-gated Ca?* channels. The suggested signaling

pathway, depolarization-induced opening of voltage-gated Ca?* channels, is
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in accordance with previous studies (Kettenmann et al., 1984; Kettenmann
and Schachner, 1985; Fraser et al., 1995; Bernstein et al., 1996; Pastor et al.,
1995). I did not observe differences in the pharmacological profile of GABA 4
receptor-mediated [Ca®t]; increases between P03 and P15, indicating that
their mechanism is identical from early development to adulthood. This
finding is in line with reports stating that astrocytes, unlike neurons (see
section 1.3.1), exhibit a high intracellular C1~ concentration throughout de-
velopment (Bekar et al., 1999; Bekar and Walz, 2002; Kanaka et al., 2001),
owing to the lack of KCC2.

Despite evidence supporting opening of voltage-gated Ca?* channels fol-
lowing GABA-induced depolarizations (this study, Fraser et al., 1995), the
existence of voltage-gated Ca?* channels in astrocytes is still being debated
(Carmignoto et al., 1998). In the hippocampus L-type Ca?t channels were
found on astrocytes using immunohistochemistry (Westenbroek et al., 1998),
and in cultured rat cortical astrocytes, evidence for L-, N- and R-type Ca?*
channels was found, with both electrophysiological and molecular techniques
(D’Ascenzo et al., 2004). However, functional studies of voltage-gated Ca’*
channels in astrocytes rendered opposing results. While voltage-gated Ca?*
currents could not be isolated in some studies (Carmignoto et al., 1998),
currents of small amplitude that exhibited a quick run-down were found
in others (Akopian et al., 1996). The latter two studies were carried out in
acute slices, however, both focussed on cells with a complex current pattern.

In other studies (Kang et al., 1998; Jourdain et al., 2007), depolarization-
induced [Ca?T]; increases in astrocytes have been attributed to Ca®* release
from intracellular stores, as they were blocked after depletion of intracellular
Ca?t stores with antagonists of SERCA pumps. Modulation of the IPs
receptor by changes in the membrane potential (Imtiaz et al., 2002; Jourdain
et al., 2007) could underly this finding. These [Ca?"]; increases however,

were caused by repetitive current injections resulting in depolarizations of up
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to +50 mV. Muscimol-induced depolarizations, in contrast, depolarized the
membrane potential to ~ -20 mV, and according to their pharmacological
profile likely caused [Ca?']; increases by activation of voltage-gated Ca?"
channels.

Interestingly, [Ca?*]; increases evoked in astrocytes in acute slices by
depolarization with 50 mM K™ solution (Dallwig and Deitmer, 2002) were
shown to be due to activation of metabotropic glutamate receptors, sec-
ondary to depolarization-induced neuronal transmitter release (Carmignoto
et al., 1998). However, their time of onset, in contrast to muscimol-induced
Ca?* transients, was several seconds delayed, again indicating that GABA 4
receptor-mediated [Ca?T]; increases are mediated by a different mechanism.

Even though the pharmacology of muscimol-induced [Ca?*]; increases
clearly supported the involvement of voltage-gated Ca®*channels in the ob-
served [Ca?*]; transients (cf. figures 13 and 18), I did not detect voltage-
gated Ca?*t currents in my electrophysiological recordings. This discrepancy
could be due to the fact that neither the voltage-step-protocol nor the intra-
or extracellular solutions were specifically designed to isolate Ca?T currents.
Owing to the massive K™ conductance exhibited by SR101-positive astro-
cytes, a possible Ca?* conductance could have easily been masked (Bordey
et al., 2000). In experiments specifically designed to isolate voltage-activated
Ca?* currents, the potassium conductance is usually blocked with Cs* or
Tetraethylammonium (TEA™); and Ba* is used as charge carrier instead of
Ca?*, rendering bigger currents (D’Ascenzo et al., 2004; Carmignoto et al.,
1998; Akopian et al., 1996, see also page 64).

In my experiments, both the enhancement of the fluorescence ratio
with Ba?* and the block with Ni?>T, in addition to the fast time of onset,
supported the involvement of voltage-gated Ca?* channels in the GABA 4

receptor-mediated Ca?" signal.
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4.2.2 GABAjg Receptor-Mediated Ca?* Signaling
Mechanism of [Ca?*]; increases

GABA causes elevations in [Ca?*]; of astrocytes not only by activation
GABA 4 receptors but also by activation of GABA g receptors. The specific
GABA 5 receptor agonist baclofen elicited Ca?T transients in hippocampal
astrocytes both in primary culture and in acute slices (P03 to P34). Con-
sidering that GABA g receptors are inhibitory in neurons, it is unlikely, that
[Ca?Tt]; increases in astrocyte of acute slices were secondary to activation of
neuronal GABA g receptors. In addition, drugs interfering with the neuronal
release machinery did not alter astrocytic Ca?t signaling. Both, the num-
ber of astrocytes responding and the amplitudes of Ca?*t signals were not
altered when blocking action potential firing with TTX. Moreover, GABAp
receptor-mediated [Ca?"]; increases could also be evoked in astrocytes when
neuronal transmitter release was blocked with Cd?* (100 pM). Thus ba-
clofen, directly activates astrocytic GABA g receptors and baclofen-induced
Ca?* transients are independent of neuronal activity and transmitter re-
lease. These findings are in line with the results from Kang et al. (1998),
who previously described GABAp receptor-mediated [Ca?t]; increases in
rat hippocampal astrocytes from P08 to P13.

Considering that neuronal GABAp receptors couple to G;/, proteins
and, besides activating postsynaptic Kt channels, inhibit presynaptic Ca*
channels (Bowery et al., 2002), the observed [Ca?*t]; increase in astrocytes
is a surprising finding. Because Ca?t transients could not be elicited in the
absence of extracellular Ca?*, the [Ca?]; increase had been attributed to
Ca?*t influx from the extracellular space (Kang et al., 1998). My results
confirm the reduction of GABA g receptor-induced [Ca?*]; increases when
superfusing the slice with Ca’t-free extracellular saline. However, under

this condition, intracellular Ca?* stores were depleted as well (cf. figure
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24). Two of my observations substantiate the notion that GABA g receptor
activation in astrocytes causes Ca?T release from intracellular Ca?* stores:
Firstly, the long time of recovery after re-perfusion with Ca®*-containing
saline until the baclofen-induced [Ca?*]; increase was restored, and secondly
the strong reduction of the baclofen-induced Ca?* signal when depleting IP3-
sensitive intracellular Ca?* stores with CPA. In conclusion, my data suggest
that GABAR receptor activation in astrocytes activates G proteins which

mediate Ca?t release from IP3-sensitive intracellular stores.

Differences Underlying Neuronal and Glial Responses

Remarkably, GABA g receptor activation in neurons and astrocytes differs
considerably concerning the modulation of [Ca?*];: while Ca?* channels and
transmitter release are inhibited in presynaptic neurons, [Ca?*]; is increased
in astrocytes and might result in gliotransmitter release (Kang et al., 1998;
Serrano et al., 2006). But how does the same receptor mediate such op-
posing responses? Neurons and astrocytes might express different GABAp
receptor subtypes or splice variants. However, functional GABA g receptors
seem to be obligate heterodimers consisting of GABAp; and GABA g sub-
units (Bowery et al., 2002; Mohler and Fritschy, 1999; Jones et al., 1998).
While GABA p; is responsible for agonist binding (Kaupmann et al., 1998),
GABA ps is necessary for G protein coupling and for trafficking the receptor
complex out of the ER (Couve et al., 2000; Bowery et al., 2002).

The only receptor diversity described so far arises from the expression of
GABApB1, and GABApy, receptor subtypes due to differential promoter
usage (Bowery et al., 2002; Steiger et al., 2004). In the hippocampus,
at the synapse between Schaffer collaterals and CAl pyramidal neurons,
GABA p1,-containing heteroreceptors are localized presynaptically and in-
hibit glutamate release, whereas GABA g1,-containing receptors are mainly

localized postsynaptically and mediate postsynaptic inhibition by activation
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of K™ conductances (Vigot et al., 2006).

Interestingly, most reports stating the importance of GABA gs subunits
for obtaining functional receptors assessed typical neuronal responses such
as inhibition of presynaptic Ca?t channels or activation of postsynaptic K+
conductances (for review, see Bowery et al., 2002; Marshall et al., 1999).
While one study found evidence for both GABA 1 receptor variants as well
as GABAp, subunits on hippocampal astrocytes in situ (Charles et al.,
2003a), others reported that hippocampal astrocytes in situ express exclu-
sively the GABAp; subunit (Fritschy et al., 2004; Lopez-Bendito et al.,
2004). Similarly, astrocytes in the cerebellum only express GABAp; im-
munoreactivity (Lujan and Shigemoto, 2006). Thus, astrocytes and neurons
seem to differ in their GABAp receptor subunit composition, which might
result in a [Ca®T]; increase in astrocytes rather than an inhibition of Ca?*
channels.

Functional evidence for the possible existence of GABA g receptors other
than GABAp;,py heterodimers is originating from the analysis of knockout
animals. In GABA g2 double knockout (B2-/-) mice, GABA gy receptor ac-
tivation G-protein dependently inhibited a postsynaptic KT conductance
(Gassmann et al., 2004). This response is untypical, considering that the
GABA 5 heterodimer in neurons activates a K conductance postsynapti-
cally, yet, it shows that the GABA g1 subunit is able to exit the ER even in
absence of the GABA gy subunit and can become a functional receptor at
the plasma membrane. Whether the GABA gy subunit becomes functional
alone or in combination with other proteins is not known (Bettler et al.,
2004; Marshall et al., 1999).

Other explanations for the differential responses observed in neurons
and glial cells might be found further downstream in the signaling path-
way. GABAp receptors of neurons and astrocytes might differ in the G

protein they are coupled to; or G proteins might control different effector
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system. Upon dissociation of G, /1 proteins, G, typically activates PLCS,
resulting in IP3 production and subsequent Ca’* release from intracellular
Ca?t stores (see section 1.1.3 Wettschureck and Offermanns, 2005). G,
subunits of Gy, proteins, that GABAp receptors are known to couple to,
typically inhibit adenylate cyclase (Wettschureck and Offermanns, 2005).
However, Gg, subunits of G;/, proteins, have been described to activate
PLCfs in leukocytes (Camps et al., 1992; Katz et al., 1992). Similarly,
when ag-adrenoceptors are expressed at high levels in fibroblasts, G4; asso-
ciated B subunits activate PLC (Milligan, 1993), whereby it likely depends
on the amount of Gg, released, whether PLC/ is activated (Milligan, 1993).
Gg,-mediated PLC/ activation has not been described in astrocytes, as yet,
but it might well account for the [Ca?T]; increase observed in hippocampal

astrocytes.

Receptor Cross-Talk

Because many G protein-coupled receptors eventually converge onto the
same effector proteins, interactions of different metabotropic signaling path-
ways are a common finding (Selbie and Hill, 1998). G;-coupled receptor
stimulation can enhance G,-mediated PLC activation and [Ca*"]; increases.
This augmentation of Gg-mediated responses is often accompanied by a
small direct stimulation of PLC by the (v-subunits of G;-coupled recep-
tors (Selbie and Hill, 1998). In cerebellar Purkinje cells, GABAp receptor
activation enhances membrane currents and [Ca?t]; increases induced by
the metabotropic glutamate receptor agonist t-ACPD (Hirono et al., 2001;
Tabata et al., 2004); but also enhancement of GABA 4 receptor-mediated re-
sponses or AMPA receptor-dependent [Ca?T]; increases has been described
(Tabata and Kano, 2006). Modulatory actions of the GABA g receptor on
glutamatergic signaling in the cerebellum are exerted by both, the classical

G;/, pathway as well as direct interactions between GABAp receptors and
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mGluR1 (Tabata and Kano, 2006).

A certain degree of interaction between GABAp receptors and
metabotropic glutamate receptors might be the case in hippocampal astro-
cytes according to the experiments performed in the present study. Firstly,
MCPG, an agonist of group I/II metabotropic glutamate receptors, reduced
the baclofen-induced [Ca?"]; increase by ~30%, and secondly, t-ACPD-
induced [Ca?T]; increases were slightly enhanced (~25% increase) in the
presence of low concentrations of baclofen. However, both effects were only
observed in ~75% of astrocytes. In addition, the reduction of the baclofen-
induced [Ca?T]; increase was not significant when MCPG was combined with
CPPG, an antagonist of group II/III metabotropic glutamate receptors. In a
previous study by Kang et al. (1998), MCPG (0.5 mM) reduced the number
of astrocytes reacting with a Ca?*]; increase when stimulated with baclofen
but did not have any influence on the amplitude of the baclofen-induced
Ca?* signal. In contrast to the present study, Kang et al. (1998) used a
lower concentration of MCPG (0.5 vs. 1 mM) and, in addition, pressure-
applied baclofen for a longer period of time (seconds vs. 100 ms), which
could have severely diluted MCPG.

Taken together, my experiments do not rule out an interaction between
metabotropic glutamate receptors and GABA g receptors. Probing for re-
ceptor interactions, however, is complicated by the fact that interactions can
take place at different levels in one and the same cell, but especially in acutes
slices, receptors on other cell types are activated as well. When washing-in
baclofen or t-ACPD, receptors on both neurons and astrocytes, and possibly
oligodendrocytes or oligodendrocyte precursor cells (Luyt et al., 2007) are
activated. Thus, the putative interaction will have to be confirmed under
more defined experimental conditions to ensure that the augmentation of t-
ACPD-induced [Ca?"]; increases was due to a specific interaction of GABA g

receptors with metabotropic glutamate receptors in astrocytes.
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4.3 Developmental Changes

The majority of hippocampal astrocytes (70 to 100%) reacted with a [Ca?*];
increase upon GABA 4 receptor activation from early postnatal develop-
ment (P03) to adulthood (P33+1). In contrast, GABA p receptor-dependent
[Ca?*]; increases showed an as yet undescribed bell-shaped distribution dur-
ing development, with a majority of cells (about 60 %) reacting during the
second and at the beginning of the third postnatal week.

In neurons, presynaptic inhibition upon GABA g receptor activation is
functional at birth, while postsynaptic inhibition through activation of slow
IPSPs progressively develops during the first postnatal week (Gaiarsa et al.,
1995). This delayed maturation was ascribed to (1) the absence of GABApg
receptors or KT channels, (2) an absence of G proteins, or (3) uncoupling
of the G proteins at early postnatal stages (Gaiarsa et al., 1995). While ba-
clofen stimulates GTP~S binding in rat spinal cord of PO7 and P14 animals,
no such stimulation is observed in older animals, leading to the conclusion
that in adult rat spinal cord, GABAp receptors might not be coupled to
G proteins (Moran et al., 2001). Another factor influencing GABAergic
transmission might be a changing affinity for GABA. In early postnatal de-
velopment the affinity of baclofen at GABApB1, and GABA gy, receptors is
10-fold lower than in adult rat brain and gradually increases with aging
(Malitschek et al., 1998) until the maximal affinity is reached at P60.

In hippocampal (Lopez-Bendito et al., 2004; Fritschy et al., 2004) and
cerebellar (Lujan and Shigemoto, 2006) astrocytes, differential expresssion of
GABA g receptor subunits has been reported. In all three studies, astrocytes
were shown to express exclusively GABAp; immunoreactivity transiently
during development. In the hippocampus GABA g receptor expression was
most pronounced from P05 to P20, with a maximum at P10 and in the
cerebellum from P07 to P12. These expression profiles correspond to the

developmental differences in Ca?* signaling described in this study. Hence,
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it is tempting to speculate that differential expression of GABA g1 receptors
is underlying both the mechanism of GABA g receptor-induced [Ca?T]; in-
creases as well as the developmental profile of [Ca?t]; increases (see also fig-
ure 28). Whether a changing affinity of agonists at the GABA g receptor or
changes in G protein coupling also play a role in GABA g receptor-mediated

reponses in hippocampal astrocytes remains to be elucidated.

4.4 Functional Implications

In neurons, GABAp receptor activation causes inhibition, presynaptically
by inhibition of Ca?* channels and reduction of synaptic vesicle priming
(Sakaba and Neher, 2003), and postsynaptically by activation of K+ con-
ductances (see Bowery et al., 2002, for review). In astrocytes, on the other
hand, GABAp receptor activation causes cytosolic [Ca?*]; increases (this
study; Nilsson et al., 1993) and subsequent release of glutamate and/or
ATP (Kang et al., 1998; Serrano et al., 2006). Both ATP and glutamate
activate inhibitory interneurons (Kang et al., 1998; Kawamura et al., 2004).
Furthermore, ATP, degraded to adenosine by extracellular endonucleoti-
dases, acts inhibitory upon activating pre- and postsynaptic Al receptors
(Zhang et al., 2003; Serrano et al., 2006). Thus, the apparently opposing re-
sponses in astrocytes and neurons upon GABA g receptor activation, [Ca?*];
increase in astrocytes versus inhibition of Ca?* conductances in neurons, in
the end both have an inhibitory effect.

Interestingly, glutamate released by astrocytes upon GABABR activa-
tion acts inhibitory due to activation of GABA-releasing interneurons. As-
trocytes have been described to release other excitatory substances, such as
D-serine, a cofactor at NMDA receptors, as well; but excitatory neuronal
transmission secondary to astrocytic GABAp receptor activation has not
been observed as yet.

The release of gliotransmitters by astrocytes not only modulates synap-
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tic transmission but also influences neuron and synapse development. Both
ATP and glutamate, which can be released from astrocytes upon stim-
ulation, are trophic substances during development (Neary et al., 1996;
Di Giorgi-Gerevini et al., 2005) and, interestingly,[Ca*]; increases upon
GABA p receptor activation in astrocytes conicide with the time of dendrite
and spine (Ben-Ari, 2001) as well as synapse development. Especially the
inhibitory network undergoes massive changes during the first three weeks of
postnatal development. There is a 45% reduction in the number of GABAer-
gic neurons in the stratum radiatum of mouse hippocampus between P05
and P15 (Danglot et al., 2006) and dendrites of interneurons progressivly
mature until around P20.

Many of the trophic actions of glutamate are mediated by mGluR5
receptors, which are the only mGluRs expressed in dividing (BrdU+)
neuroprogenitors in the subventricular zone and in the dentate gyrus
(Di Giorgi Gerevini et al., 2004). Interestingly, mGluR5 in the hippocampus,
similar to GABAp receptors in astrocytes, is most abundandly expressed
during development and decreases to adult levels after the second postnatal
week (Carmelo Romano, 1996). Thus astrocytes might actively influence
proliferating cells in the juvenile hippocampus by releasing glutamate upon
GABA p receptor activation. Moreover, GABA g receptor-induced Ca?* sig-
naling in astrocytes might be re-activated during pathological conditions,
when astrocytes become ”reactive”, a change in the functional state of the
cells that goes along with changes in their gene expression profile. If so,
astrocytes might stimulate neuronal progenitor cells to develop into neurons
and enhance their integration into the neuronal network upon brain injury.

Besides the integration of new neurons, other activity-dependent forms
of plasticity exist in the hippocampus (see also section 1.2). Hebbian plas-
ticity, activity-dependent strengthening of synapses, is considered the basic

principle underlying learning and memory (Martin et al., 2000). Along with
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the potentiation of active sets of synapses, inactive inputs are inhibited.
This mechanism, also referred to as heterosynaptic depression (Lynch et al.,
1977), is supposed to increase the contrast between potentiated and inac-
tive inputs. In addition heterosynaptic depression is proposed as a means
to stabilize total synaptic weights, after LTP is induced in a set of synapses
(Royer and Pare, 2003). This coordination of synaptic strength across mul-
tiple synapses, is required to ensure stable transmission within the network
(Abbott and Nelson, 2000).

Astrocytes are in a perfect position for mediating heterosynaptic de-
pression because they sense neuronal activity and each astrocyte is in close
association with roughly 140.000 synapses (Bushong et al., 2004). By releas-
ing gliotransmitters, astrocytes connect populations of neurons which oth-
erwise are not connected. Interestingly, GABA g receptor-mediated [Ca?*];
increases resulting in transmitter release of astrocytes are tens of seconds de-
layed compared to receptor activation (see also figure 21; Kang et al., 1998;
Serrano et al., 2006). This time course is also reflected in heterosynaptic
depression exerted by astrocytes upon release of ATP (see also page 31).

Given that astrocytic modulation of the neuronal network upon GABA g
receptor activation is implied in learning and memory formation it is inter-
esting to know, whether astrocytes in other brain regions than the hip-
pocampus express a similar developmental profile. In the cerebellum, for
instance, immunohistochemical studies show a similar expression profile of
GABAp receptors in astrocytes (Lujan and Shigemoto, 2006), supporting
the notion, that astrocytic GABAp receptor mediated signaling might be
similar in other brain areas.

The involvement of GABAR receptor dependent inhibiton on the neu-
ronal network becomes apparent in GABAp receptor knockout mice. Ab-
sence of the GABA 1, subunit results in impaired synaptic plasticity and

hippocampus-dependent memory (Vigot et al., 2006) and both GABAp;
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and GABA g5 deficient mice were found to be more anxious than wild-type
and showed anti-depressant like behavior in behavioral tests (Mombereau
et al., 2005). Unfortunately, astrocyte-specific GABAp receptor knockout
animals do not exist, as yet.

These thoughts lead to two further interesting questions along these
lines: (1) in which way would a lack of astrocytic GABA p receptor-mediated
signaling influence the development of the neuronal network and, hence,
influence learning and memory, and (2) would GABA g receptor expression
in astrocytes at later stages of development, when they are not normally
expressed, lead to alterations of neuronal transmission. Both questions are
complex and certainly require targeted genetic manipulations, possibly in
an inducible fashion, in order to be answered.

According to the developmental profile of Ca?* responses in astrocytes,
heterosynaptic depression and potentiation of inhibition by astrocytes can
only occur during the second and at the beginning of the third postnatal
week. The significance of these developmental differences remains to be
elucidated. However, these early developmental stages appear to be par-
ticularly important in setting the basis for cognitive abilities in later life

(Munakata et al., 2004).

4.5 Conclusions and Perspectives

In conclusion, my results show, that SR101 is a suitable tool for the iden-
tification of astrocyte in acute hippocampal slices if cells in vital, unfixed
tissue are to be analyzed. SR101 staining can be combined with physiolog-
ical measurements using fluorescent indicator dyes or electrophysiological
recordings since astrocytic properties are not altered.

GABA 4 receptor activation depolarizes astrocytes and results in Ca?*
influx presumably through voltage gated Ca?t channels (figure 29), con-

firming earlier studies. GABAp receptor activation, in contrast to previ-
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ously published work, causes release of Ca?t from IP3-sensitive intracellular

Ca?* stores by a G-protein-dependent mechanism (figure 29). While 70%
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Figure 29: Model of GABA-Induced [Ca?"]; Increases in Astrocytes

The conducted experiments resulted in the following model for GABA-induced
Ca?* transients in hippocampal astrocytes: GABA 4 receptor activation causes
amembrane depolarization which results in Ca?* influx through voltage-gated Ca?*
channels. GABAp receptor activation activates G-proteins and causes Ca?t
release from IPs-sensitive intracellular Ca?t stores. GABAp receptor-mediated
[Ca?t]; increases were predominantly observed at the end of the second postnatal
week, indicating a role of astrocytes for the formation of neuronal networks in the
hippocampus.

DAG, diacylglycerol; ER, endoplasmic reticulum; IP3(R), inositol 1,4,5-trisphosphate (re-
ceptor); PIPs, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase C; PLC, phos-
pholipase C; VGCC, voltage-gated Ca®* channel.

to 100% of astrocytes react with a [Ca?*]; increase upon GABA 4 recep-
tor activation throughout development (P03 to P33), the amount of cells
reacting to baclofen changes considerably during development. During the
time of synapse formation, up to 60% of astrocytes respond to GABAp
receptor activation with an increase in [Ca?];. Given that astrocytes are
able to release both neurotransmitters and neurotrophic substances, these
results imply an important role of astrocytes during the development of the

hippocampal network.
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It remains to be elucidated which receptor subtypes mediate GABAg
receptor mediated [Ca?t]; increases in astrocytes, and whether alterations
in the receptor subunit composition cause the differential responses observed
during development. Both questions could be investigated by employing
GABA p14/B1» and GABA gy knockout animals.

Additional variation could be due to differences in G protein coupling
or the subsequent signaling cascade. Pharmacological tools have proven
difficult to use in acute slices because they might not be readily available
at their target. In addition, there are no drugs available that discriminate
between astrocytic and neuronal receptors. Omne possibility to avoid these
limitations is the introduction of drugs via patch-pipettes into the astrocytic
network. In particular, experiments with the IP3 receptor antagonist hep-
arin or the GTP analogues GTP~S and GDPSS might render interesting
results. Last but not least, the use of G protein knock-out animals could
provide important information as to which G proteins are involved in the
GABAp receptor induced [Ca?t]; increases in astrocytes. However, given
that the GABA g receptor-mediated Ca?Tsignal is rather variable, and that
receptor interactions with other receptors might occur, the results of these
experiments might be difficult to interpret, considering that the modulation
of G protein signaling pathways also interferes with metabotropic glutamate
receptor signaling.

High-resolution two-photon imaging close to synapses in the intact tis-
sue will certainly add interesting information as to the spatial extend of
baclofen-induced Ca?T transients in astrocytes. Whether Ca?* transients,
restricted to cellular microdomains, such as observed in cell cultures, play a
role in modulation of the neuronal network can certainly be answered with
this technique, when performed in combination with whole-cell patch-clamp

recordings.
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The reliable identification of astrocytes for physiological measurements was always time-consuming and
difficult.
cells in vivo (Nimmerjahn et al., 2004). We adapted this technique for use in acute hippocampal slices

Recently, the fluorescent dye sulforhodamine 101 (SR101) was reported to label cortical glial

at early postnatal stages (postnatal days 3, 7, 15) and describe a procedure for double-labeling of SR101
and conventional ion-selective dyes. Using whole-cell patch-clamp, imaging and immunohistochemistry,
we characterized the properties of SR101-positive versus SR101-negative cells in the stratum radiatum.
Our data show that SR101, in contrast to Fura-2 or SBFI, only stains a subset of glial cells. Throughout
development, SR101-positive and SR101-negative cells differ in their basic membrane properties. Further-
more, SR101-positive cells undergo a developmental switch from variably rectifying to passive between
P3 and P15 and lack voltage-gated Nat currents. At P15, the majority of SR101-positive cells is positive
for GFAP. In summary, our data demonstrate that SR101 selectively labels a subpopulation of glial cells
in the early postnatal hippocampus that shows the typical developmental changes and characteristics of
classical astrocytes. Owing to its reliability and uncomplicated handling, we expect that this technique

will be outstandingly helpful in future investigations studying astrocytes in the developing brain.

Key words: astrocyte, sulforhodamine 101, hippocampus, imaging, electrophysiology, GFAP, SBFI, Fura-2

1. Introduction

During the last decade it has been firmly established
that astrocytes are not purely supportive for neuronal
function, but also modulate the synaptic communica-
tion between neurons (Araque et al., 1999; Fiacco et
al., 2007; Haydon and Carmignoto, 2006; Kang et al.,
1998; Nedergaard, 1994; Newman and Volterra, 2004;
Parri et al., 2001; Parri and Crunelli, 2007; Pascual et
al., 2005; Schipke and Kettenmann, 2004; Serrano et
al., 2006; Verkhratsky et al., 1998; Volterra and Mel-
dolesi, 2005).
troglia also plays a central role in the regulation of blood

Recent studies demonstrated that as-

vessel diameter during neuronal activity (Metea and
Newman, 2006; Mulligan and MacVicar, 2004; Takano
et al., 2006; Zonta et al., 2003). The analysis of as-
trocytes in the intact tissue with electrophysiological
and high-resolution imaging techniques, however, was
always hampered by the problem of a reliable identifi-
cation of this cell type. The identification of astrocytes
based solely on morphological criteria, such as somatic
size and cellular architecture, hosts the chance to mis-
takenly include small-sized neurons (Kimelberg, 2004).
Immunohistochemical stainings of markers such as glial
fibrillary acidic protein (GFAP) or the Ca*'-binding
protein S-1003, can only be performed after the exper-
iment, are time-consuming and often do not allow an
undeniable identification of the cells analyzed in physi-
ological experiments. To overcome this problem, trans-
genic mice, in which enhanced green fluorescent protein

(EGFP) is expressed under the human GFAP promoter
have been raised (Hirrlinger et al., 2006; Nolte et al.,
2001; Zhuo et al., 1997). However, because astrocytes
show very diverse levels of GFAP-expression (Kimel-
berg, 2004), this approach enables the identification
of only a subset of astrocytes. Many studies reported
that glial cells take up the membrane-permeable forms
of Ca?T indicator dyes such as Fura-2 or Fluo-4 much
better than neurons (e. g. Dallwig and Deitmer, 2002;
Wang et al., 2006), and astrocytes were thus often iden-
tified based on the emission patterns of the indicator
dyes used. This approach was extended by Dallwig and
Deitmer (2002), who have described that neurons and
astrocytes in acute brain slices differ in their response to
changes in the external potassium concentration. Still,
this approach can only identify about 80% of astrocytes
and necessitates performing additional Ca?*-imaging
experiments. Recently, the fluorescent dye sulforho-
damine 101 (SR101) was reported as a powerful tool for
specific labeling of cortical glial cells in the intact brain
of juvenile and adult rodents (Nimmerjahn et al., 2004;
Wang et al., 2006). In the present study we adapted
this technique for use in an acute tissue slice prepara-
tion of the early postnatal rat hippocampus. Because in
the CA1 region of the rodent hippocampus, astrocytes
undergo considerable changes in channel complement
and passive membrane properties during postnatal de-
velopment (Bordey and Sontheimer, 1997; Kressin et
al., 1995; Zhou et al., 2006), we performed the study at



different early postnatal stages (postnatal days 3, 7, 15).
Using whole-cell patch clamp, imaging techniques and
immunohistochemistry, we show that the percentage of
SR101-positive cells in the stratum radiatum increases
during development. Furthermore, SR101-positive cells
lack voltage-gated Na™ currents and change from vari-
ably rectifying to passive cells between P3 and P15.
At P15, the majority of SR101-labeled cells is positive
for the astrocytic marker GFAP. Thus, our data demon-
strate that SR101 selectively labels a subset of glial cells
in the early postnatal hippocampus that shows typical
characteristics of classical astrocytes.

2. Methods

2.1. Tissue preparation and labeling with
SR101

Experiments were carried out on acute tissue slices (250 pm)
of rat hippocampi harvested at postnatal days 3, 7, and 15
as described earlier (Meier et al., 2006). In brief, animals
were decapitated and the hippocampi were rapidly removed.
Slices of P3 and P7 animals were sectioned in ice-cold nor-
mal artificial cerebrospinal fluid (ACSF; in mM: 125 NaCl,
2.5 KCl, 2 CaClg, 1 MgCla, 1.25 NaH2POy4, 26 NaHCO3
and 20 glucose, bubbled with 95% Oz and 5% CO2; pH
7.4). Following sectioning, slices were kept at 34°C for 20
minutes in ACSF that contained 0.5 - 1 pM sulforhodamine
101 (SR101), followed by a 10 min incubation in normal
ACSF at 34°C. Slices of P15 rats were sectioned and post-
incubated with SR101 in ACSF with a reduced Ca?* con-
centration (in mM: 125 NaCl, 2.5 KCl, 0.5 CaCls, 6 MgCla,
1.25 NaH2POy4, 26 NaHCO3 and 20 glucose, bubbled with
95% O2 and 5% COg; pH 7.4). Afterwards, all slices were
kept at room temperature until they were used for exper-
iments, which were also performed at room temperature.
Unless stated otherwise, all chemicals were purchased from
Sigma Aldrich Co. (Taufkirchen, Germany).

2.2. Determination of the density of SR101-
labeled cells

For determination of the amount of SR101-positive cells
on the total number of cells exhibiting glial morphology,
slices were double-labeled with SR101 and the ester form
of sodium-binding benzofuran isophthalate (SBFI; 800 pM),
a conventional Nat-selective fluorescent dye that exhibits
similar properties as Fura-2 (Meier et al., 2006). To this
end, SBFI-AM (800 pM) was repeatedly (1-5 s duration
each) pressure injected through a fine-tipped glass microelec-
trode into the stratum radiatum (Stosiek et al., 2003). In-
jection was followed by a 45-60 min wash in normal ACSF at
room temperature to allow for diffusion and de-esterification
of the dye. Stacks of images (31 optical sections at 1 or
1.5 pm thickness) were then taken at a custom build two-
photon laser scanning microscope (excitation wavelength at
850 nm) based on an Olympus FV300 system (Olympus Eu-
rope, Hamburg, Germany), coupled to a Mai-Tai Broadband
laser (Spectra Physics, Darmstadt, Germany) and equipped
with two fluorescence detection channels. Fluorescence emis-
sion of SBFI was collected between 400 and 590 nm, emission
of SR101 was detected between 610 and 630 nm. Maximum
intensity projections and analyses of the staining patterns
were performed at montages of image stacks using ”ImageJ”-
software.

2.3. Electrophysiology and Immunohisto-
chemistry

Somatic whole-cell recordings were obtained at an up-
right microscope (Nikon Eclipse E600FN, 60x water immer-
sion objective, N.A. 1.00, Nikon Europe, Diisseldorf, Ger-
many) using an EPC10 amplifier (HEKA Elektronik, Lam-
brecht, Germany). ”PatchMaster”-software (HEKA Elek-
tronik, Lambrecht, Germany) was used for data acquisi-
tion. Some recordings were carried out at a Zeiss Axio-
scope (Zeiss, Jena Germany, 40x water immersion objective,
N.A. 0.80, Olympus Europe, Hamburg, Germany) using an
Axopatch 200A (Molecular Devices, Sunnydale, CA) and
?PClamp 8.2”-software for data acquisition. The pipette
solution contained (in mM): 120 K-MeSO3 or K-gluconate,
32 KCl, 10 HEPES (N-(2-Hydroxyethyl)piperazine-N’-(2-
ethanesulfonic acid), 4 NaCl, 4 Mg-ATP and 0.4 Na3-GTP,
0.1 Alexafluor 488 (Molecular Probes/Invitrogen, Karlsruhe,
Germany), pH 7.30. Cells were generally held at mem-
brane potentials of -85 mV. To separate passive conduc-
tances from voltage-gated currents, online leak subtraction
(P/4) was performed. Data were processed and analyzed by
employing "IGOR Pro”-Software (WaveMetrics, Inc., Lake
Oswego, OR). Following electrophysiological recordings, im-
ages of fluorescence emission of SR101-labeled (excitation
wavelength: 587 nm, emission detected above 602 nm) and
Alexa-filled (excitation wavelength: 488 nm, emission de-
tected between 495-575 nm) cells were captured by a CCD
camera (Spot RT KE, Diagnostic Instruments Inc., Ster-
ling Hights, MI) and ”Spot”-software attached to the mi-
croscope. Slices were immediately fixed over night at 4°C in
paraformaldehyde and immunohistochemically processed for
GFAP (dilution 1:100; DAKO Z0334, Hamburg, Germany)
as reported earlier (Kafitz and Greer, 1998; Kafitz et al.,
1999). Labeled slices were coverslipped and documented as
described above. Images of the immunohistochemistry were
corrected for shrinkage caused by fixation by a factor of 4.67
and overlaid employing ” Adobe Photoshop”-software.

2.4. Ca’" imaging

Conventional, wide-field fluorescence imaging was performed
using a variable scan digital imaging system (TILL Pho-
tonics, Martinsried, Germany) attached to an upright mi-
croscope (Axioskop, Zeiss, Jena, Germany, 40x water im-
mersion objective, N.A. 0.80, Olympus Europe, Hamburg,
Germany) and a CCD camera as a sensor (TILL Imago
SVGA, TILL Photonics, Martinsried, Germany). To this
end, after confirmation of successful SR101-staining (exci-
tation wavelength: 575 nm; detection of emission: >590
nm), cells were additionally dye-loaded with the CaZt-
selective dye Fura-2 (Fura-2-AM, 500 pM); employing the
protocol described above for SBFI. For wide-field imaging
of Fura-2, background-corrected fluorescence signals (>410
nm) were collected from defined regions of interest after al-
ternate excitation at 356 nm and 380 nm and the fluores-
cence ratio (F356/380) was calculated. Images were ac-
quired at 2 Hz and analyzed off-line using "IGOR Pro”-
Software (WaveMetrics, Inc., Lake Oswego, OR). ATP was
applied by a Picospritzer II (General Valve/Parker Han-
ifin, Flein/Heilbronn, Germany) coupled to standard mi-
cropipettes (Hilgenberg, Waldkappel, Germany) placed at
a distance of approximately 10-20 ym to a given cell.

2.5. Statistics

Unless otherwise specified, data are expressed as means +
s.e.m.. Data were statistically analyzed by the Kolmogorov-

Smirnov-test for normal distribution and the t-test.



(A)P3
SR101

(B) P15

Fig. 1. Labeling pattern of SR101 versus SBFI-AM in the hippocampal CA1 region. Fluorescence images, taken at
a two-photon laser-scanning microscope, of acute slices from postnatal day P3 (A) and P15 (B) rats, double-
stained with SR101 (upper left panels) and SBFI-AM (upper right panels). The lower, enlarged panels show the
merged fluorescence images. SP: stratum pyramidale; SR: stratum radiatum. Asterisks mark double-labeled cells
located in the stratum radiatum; arrowheads point out cells which are exclusively stained by SBFI. Note that

putative pyramidal neurons in the stratum pyramidale are also stained with SBFI, but not with SR101.
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Fig. 2. Quantification of the percentage of SR101-
negative (white bars) and SR101-postive (grey bars)
cells on the total number of small-sized SBFI-labeled
cells located in the stratum radiatum in P3 (n = 22
slices; 2185 cells) and P15 rats (n = 11 slices; 757
cells).

3. Results

3.1. Labeling pattern of acute hippocampal
slices with SR101 and SR101/SBFI-AM

Incubation of cells in solutions containing 10-20 pM
of the membrane-permeable acetoxymethyl ester (AM)
forms of ion-selective fluorescent dyes such as the Ca**-
sensitive dye Fura-2 or the Na™t-sensitive dye SBFI en-
ables the loading and analysis of many cells at a time (e.
g. Rose and Ransom, 1996; 1997). In acute brain slices,
it was observed consistently that this staining protocol
results in a fairly selective staining of astrocytes, and
consequently, their primary identification in the intact
tissue was often based on this specific staining pattern
(e. g. Dallwig and Deitmer, 2002; Wang et al., 2006).
Using bolus loading (injection of the AM-form of fluo-
rescent dyes into the extracellular space) instead of bath

incubation, in contrast, results in a good quality stain-
ing of neurons as well as astroglia (Meier et al., 2006;
Stosiek et al., 2003). Injection of dyes thus enables the
study of both astrocytes and neurons at the same time.
However, dye-loaded neurons, such as interneurons with
small somata in the stratum radiatum of the hippocam-
pus, might be falsely identified as astrocytes based on
this staining technique. To overcome this problem, we
adapted a protocol for application of the red fluorescent
dye SR101, which was reported to stain astrocytes in
the intact cortex of rodents (Nimmerjahn et al., 2004),
for use in acute slices of the rat hippocampus during
early postnatal development. SR101 is excited around
575 nm and its emission can be collected above 590 nm,
making it suitable for use in combination with many
available ion-selective dyes. We found that incubation
of the slices right after their preparation in ACSF con-



taining in 500 nM - 1 uM SR101 for 20 minutes at
high temperature (34°C), resulted in an optimal stain-
ing of cells that was maintained for more than eight
hours. The staining pattern of SR101 in slices obtained
from animals at postnatal day 3 (P3, Fig. 1A), P7 (not
shown), as well as P15 (Fig. 1B), excluded virtually
all cells of the stratum pyramidale, clearly indicating
that SR101 exclusively labeled glial cells throughout
development in this preparation. To portray cells ad-
ditional to SR101-positive ones in these preparations,
we performed a second labeling with the NaT-selective
fluorescent dye SBFI-AM, which (like Fura-2) is excited
in the UV range. SBFI-AM was directly injected into
the stratum radiatum, followed by a period of 45-60
min incubation in ACSF to allow for diffusion of the
dye into the cells and sufficient de-esterification. At all
developmental stages investigated (P3, P7 and P15),
and in contrast to SR101, SBFI-AM labeled cells in the
stratum pyramidale (presumably CAl pyramidal neu-
rons) as well as SR101-negative cells in the stratum ra-
diatum with large somata that presumably represented
interneurons or ectopic pyramidal neurons (Fig. 1A,
B). SBFI-AM labeling in the stratum radiatum also
included small-sized SR101-negative cells that morpho-
logically resembled astrocytes as judged by the size and
shape of their somata and primary processes (Fig. 1A,
B). Interestingly, the percentage of SR101-positive cells
on the total number of small-sized SBFI-loaded cells
with glial morphology changed during postnatal devel-
opment. At P15 (n=757 cells in 11 slices), roughly 90%
of these SBFI-stained cells were also SR101-positive,
whereas at P3 (n=2185 cells in 22 slices) only about
50% of them were labeled with SR101 (Fig. 2). Taken
together, these results demonstrate that SR101 stains
cells with glial morphology in acute tissue slices of the
rat hippocampus. Presumptive neurons are completely
spared. In addition, we found a clear developmental
profile of the staining pattern for SR101. Whereas
the SR101-labeling comprised the vast majority of cells
with glial morphology in P15 animals, only about half
of such cells were stained by SR101 at P3.

3. 2. Electrophysiological characterization
of SR101-positive and SR101-negative cells

In the CA1 region of the rodent hippocampus, several
types of astrocytes were described based on their elec-
trophysiological properties (Bordey and Sontheimer,
2000; D’Ambrosio et al., 1998; Kressin et al., 1995;
Steinhauser et al., 1994b; Zhou and Kimelberg, 2001).
Moreover, astrocytes undergo considerable changes in
channel complement and passive membrane proper-
ties during early postnatal development (Bordey and
Sontheimer, 1997; Kressin et al., 1995; Zhou et al.,
2006). Therefore, we characterized the electrophysio-
logical properties of SR101-positive and SR101-negative
cells with glial morphology in the stratum radiatum by
performing patch-clamp experiments in the whole-cell
configuration. Current injection in the current-clamp
mode failed to elicit action potentials in any of the
cells investigated (n=107; not shown) indicating that
they were indeed glia or glial precursor cells, respec-
tively. Throughout development, SR101-positive and

SR101-negative cells differed significantly in their mem-
brane properties. SR101-negative cells (n=13 at P3,
n=>5 at P15) generally had more depolarized membrane
potentials, their membrane resistance was higher and
their membrane capacity was lower than that of SR101-
positive cells (Table I). We found no differences in
these properties between P3 and P15 animals in SR101-
negative cells, but observed developmental changes in
SR101-positive cells. Whereas the membrane poten-
tial of SR101-positive cells was highly negative at all
three stages investigated (-80 mV to -87 mV; Table I),
their membrane resistance decreased from 94 M) at
P3 (n=42) to 68 MQ at P7 (n=6) and finally to 6 M
at P15 (n=37). At the same time, membrane capac-
ity increased (from 69 to 120 to 139 pF, respectively;
Table I). To reveal the functional expression of voltage-
gated ion channels, cells were held in the voltage-clamp
mode at -85 mV and then subjected to a rectangular
voltage step protocol (from -150 to +50 mV, 10 mV
increments). The voltage-step protocol induced large
capacitive as well as passive currents (Fig. 3 A-C; in-
sets). Leak subtraction (P/4) was performed to reveal
voltage-gated currents activated by membrane depolar-
ization (Fig. 3 A-C; insets; see also Fig. 4). The
amplitudes of the leak-subtracted currents were mea-
sured at 8-10 ms after the start of the voltage step and
current was plotted versus voltage (I/V-relationship,
Fig. 3 A-C). Data were fit by a linear regression
curve; the threshold for linearity of the I/V relation
was set at a regression coefficient of r? = 0.9983. At
P3, both SR101-positive (n=42) and SR101-negative
(n=13) cells exhibited voltage-activated outward cur-
rents and only non-linear I/V relationships with a vari-
able degree of outward rectification were found (”non-
passive cells”, nPC; Figs. 3 A, D and 4 A, B). In SR101-
positive cells, outward-currents were non-inactivating
(Fig. 3A), while in SR101-negative cells, the amplitude
of outward currents decreased over time (Fig. 4A). At
P7, SR101-positive cells exhibited non-linear I/V re-
lationships with non-inactivating outward currents as
well (n=6; Fig. 3B, D), whereas the majority (78%)
of SR101-positive cells at P15 (n=38) did not exhibit
voltage-gated currents and thus showed a linear I/V
relationship (”passive cells”, PC; Fig. 3 C, D and
4D). SR101-negative cells at P15 (n=>5), in contrast,
exclusively showed non-linear properties (Fig. 4C). To
further characterize SR101-positive and negative cells,
we examined which phenotype functionally expressed
voltage-gated fast inward currents. To relieve inacti-
vation of voltage-gated Na™ channels, the voltage step
protocol was extended by a hyperpolarizing precondi-
tioning pulse to -120 mV. SR101-positive cells never
expressed fast inward currents neither at P3 (n=42;
Fig. 4B), nor at P15 (n=37; Fig.4D). In contrast, 4
out of 13 SR101-negative cells at P3 (Fig. 4A) and
all SR101-negative cells at P15 (n=>5) expressed volt-
age gated fast inward currents. Taken together, these
results demonstrate that small-sized, SBFI-stained cells
in the stratum radiatum represent glial cells that can
be divided into two subtypes differing in their staining
pattern with SR101 as well as in their passive and ac-
tive membrane properties. At P15, the vast majority
of SR101-positive cells show the typical electrophysio-



Table 1. Membrane properties of SR101-positive and SR101-negative cells at P3, P7, and P15

SR101 Age Membrane Membrane Membrane n
labeling | [pnd] potential [mV] resistance [MQ] capacity [pF]
P3 -67 =17 353 £325 3030 (13
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P15 77+ 14 302 £ 202 27+18 | 5
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logical properties of classical passive astrocytes (Bordey
and Sontheimer, 2000; D’Ambrosio et al., 1998; Stein-
hauser et al., 1992; Zhou et al., 2006).

3.3. Immunohistochemical characterization
of SR101-positive cells

To further establish the astrocytic identity of SR101-
positive glial cells at P15, we immunohistochemically
stained for GFAP. To this end, SR101-positive cells
were first characterized electrophysiologically and in
parallel filled with the fluorescent dye Alexa 488 via
the patch pipette to enable their identification in the
slices processed for immunohistochemistry. As de-
scribed above, we found that all SR101-positive cells
at P15 exhibited electrophysiological properties of clas-

sical astrocytes (n=26). The majority of these cells
(n=23/26 cells) were also GFAP-positive, confirming
their astrocytic identity (Fig. 5A). Three of 26 in-
vestigated SR101-positive cells were, however, GFAP-
negative (Fig. 5B), indicating that GFAP only labels a
subset of astroglial cells as reported earlier (Lee et al.,
2006; Raponi et al., 2007).

3.4. ATP-induced Ca?t transients in SR101-
stained slices

To validate the described double-staining protocol of
SR101 and ion-selective dyes for physiological mea-
surements, we performed dynamic fluorescence imag-
ing in acute hippocampal slices at P15, employing the
Ca’t-sensitive dye Fura-2-AM (Fig. 6). We tested
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the responses of the cells to a focal pressure applica-
tion of ATP (10pM, for 100ms), which has been shown
to induce intracellular Ca®t transients in glial cells
(Verkhratsky et al., 1998). Application of ATP resulted
in a transient elevation of intracellular Ca®* concentra-
tion in SR101-positive as well as SR101-negative cells
(n=6 experiments in 6 slices; Fig. 6). Thus, these
measurements confirm that SR101 labeling of acute
slices does not interfere with intracellular ion measure-
ments using ion-selective fluorescent dyes (Jourdain et
al., 2007; Nimmerjahn et al., 2004).

4. Discussion

In the present study, we describe a procedure for
double-labeling of acute slice preparations of the early
postnatal rat hippocampus with the fluorescent dye
SR101 and AM-esters of the ion-selective fluorescent
dyes SBFI or Fura-2. SR101 was introduced recently
to selectively identify astrocytes in the neocortex of two
to four week old rats (Nimmerjahn et al., 2004). It is a
red fluorescent dye excited at 575 nm that can be com-
bined with fluorescent dyes excited in the UV range
such as Fura-2 or SBFI (this study), or excited at 400-
500 nm such as Oregon Green (Nimmerjahn et al., 2004)
or Alexad88 (this study, Nimmerjahn et al., 2004). In
accordance with the latter study, we did not find any
evidence for a distortion of induced intracellular Ca?™
transients in cells that were both stained with SR101
and the ion-selective fluorescent dye. Astrocytes in situ
are heterogeneous with respect to their physiological
properties (D’Ambrosio et al., 1998; Grass et al., 2004;
Matthias et al., 2003; Steinhauser et al., 1992; Stein-
hauser et al., 1994b; Zhou and Kimelberg, 2000, 2001)

and undergo considerable changes in channel comple-
ment and passive membrane properties during early
postnatal development (Bordey and Sontheimer, 1997;
Kressin et al., 1995; Zhou et al., 2006). Thus, using
whole-cell patch clamp, imaging techniques and im-
munohistochemistry, we characterized the properties of
SR101-positive versus SR101-negative cells in the stra-
tum radiatum at postnatal days 3, 7 and 15. Based
on their electrophysiological properties, two basic types
of astrocytes have been described in the hippocampus
(Bordey and Sontheimer, 2000; D’ Ambrosio et al., 1998;
Kressin et al., 1995; Steinhauser et al., 1994b; Zhou and
Kimelberg, 2001). One cell type, termed ”outwardly
rectifying” (Zhou and Kimelberg, 2000, 2001) or ”com-
plex” (Kressin et al., 1995; Steinhauser et al., 1994b)
is mainly characterized by a membrane potential which
is significantly more positive than the equilibrium po-
tential for K*, a high input resistance, and a low mem-
brane capacity. Moreover, this cell type functionally
expresses two types of KT-outward currents, a delayed
rectifier and a transient A-type current, as well as TTX-
sensitive Nat channels. The hallmarks of the second
type of astrocytes are a highly negative membrane po-
tential, a low input resistance, and a high membrane ca-
pacity. Furthermore these cells lack voltage-gated Na™
currents and show a largely symmetric expression of
inward and outward K* currents that consist predomi-
nantly of ohmic currents with small contributions of de-
layed rectifier KT currents. Accordingly, this cell type
was called ”passive” (Kressin et al., 1995; Steinhauser
et al., 1994a) or ”variably rectifying” (Zhou and Kimel-
berg, 2000, 2001) astrocyte. In addition, both astrocyte
types differ in their expression profile for ionotropic glu-
tamate receptors and glutamate transporters. Whereas



Alexa 488

Fig. 5. Immunohistochemical characterization of SR101-positive cells at P15. (A) From left to right: Image of the staining pattern
of SR101 in the stratum radiatum. Based on this staining, a SR101-positive cell was chosen (arrow) and characterized electrophy-
siologically while filling the cell with Alexa 488. In the subsequent immunohistochemical analysis, the same cell also showed
immunoreactivity for GFAP. The merged picture of all three fluorescence images confirms the identity of the triple-labeled cell. (B)
The same experimental design also identified a cell which was SR101-positive, electrophysiologically characterized as glial cell,
but showed no immunoreactivity for GFAP (arrow). The arrowheads point to cells, which were double-labeled for SR101 and

GFAP. SP: stratum pyramidale; SR: stratum radiatum.

the first type expresses ionotropic glutamate receptors
and lacks glutamate transporter currents (Matthias et
al., 2003; Zhou and Kimelberg, 2001), the second type
lacks ionotropic glutamate receptors, but shows signifi-
cant glutamate uptake currents (Matthias et al., 2003;
Zhou and Kimelberg, 2001). Based on these differ-
ences, the second type ("passive” or ”variably recti-
fying” astrocyte) is often regarded as the ”classical”
astrocyte, as it is capable to perform classical func-
tions of astrocytes, such as the uptake of glutamate and
potassium from the extracellular space (Matthias et al.,
2003; Zhou and Kimelberg, 2001). Our results show
that SR101-positive cells during the first two weeks of
postnatal development display the electrophysiological
properties typical for immature and mature classical
astrocytes described above. The developmental pro-
file of current expression of SR101-positive cells is in
good agreement with earlier studies showing that the
amount of outward rectification in such cells decreases
with age (Steinhauser et al., 1992; Wallraff et al., 2004;
Zhou et al., 2006). The electrophysiological proper-
ties of SR101-negative cells, in contrast, are reminis-
cent of the first type of astrocytes described above, but

may also include a population of glial cells positive for
the chondroitin sulphate proteoglycan NG2 and thus,
may partly represent glial progenitor cells (Matthias
et al., 2003; Zhou et al., 2006). Taken together, our
data demonstrate for the first time that SR101, in con-
trast to conventional fluorescent ion-selective dyes such
as Fura-2 or SBFI, selectively labels a subpopulation
of glial cells in the early postnatal hippocampus that
shows the typical developmental changes and charac-
teristics of classical astrocytes. Staining with SR101
enables a direct and reliable identification of virtually
all such astrocytes in acute brain slices for physiological
measurements as well as immunohistochemical studies.
Owing to its reliability and uncomplicated handling, we
expect that this technique will be outstandingly helpful
in future investigations studying the functions of as-
trocytes and neuron-glia interaction in the developing
brain.
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Fig. 6. ATP-induced Ca® transients in SR101-positive and SR101-negative cells at P15. Top, left: Image of the staining pattern
of SR101 in the stratum radiatum. Top, center and right: Staining pattern of the Ca**-sensitive dye Fura-2 and merged image.
Bottom, left: Image of the Fura-2 fluorescence. The colored lines indicate the regions of interest (r1-r6) in which the Ca**
measurements were performed. The position of the application pipette (AP) is indicated schematically on the right. Bottom, right:
Focal pressure application of 10 uM ATP for 100 ms induced Ca** transients in both SR101-positive (left) and SR101-negative
(right) cells. The experiment was performed using a widefield imaging system.
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Sodium signals in cerebellar Purkinje neurons and Bergmann
glial cells evoked by glutamatergic synaptic transmission
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In the brain, the extracellular concentration of glutamate is regulated by specific transporters, termed
excitatory amino acid transporters 1-5 (EAAT 1-5). EAATs are electrogenic and mainly use the
electrochemical gradient of sodium to transport glutamate into the cells. Glial cells predominantly
express EAAT1 (GLAST) and EAAT2 (GLT-1), and play a central role in glutamate clearance by limiting
glutamate diffusion. Using combined electrophysiological and quantitative imaging techniques in mouse
cerebellar slices, we demonstrate that both exogenous application of glutamate as well as short burst
synaptic activity induce sodium transients in the mM range in the processes of cerebellar Bergmann
glial cells and Purkinje neurons. Glial sodium transients have rise times of several seconds and persist
for tens of seconds. While activation of AMPA receptors accounts for part of the sodium signals in glial
cells, the majority of sodium influx is caused by inward transport of glutamate. Sodium transients in
dendrites of Purkinje neurons, in contrast, have much faster kinetics and are mainly caused by activation
of AMPA receptors. Based on our findings, we present a model which indicates that sodium transients
in Bergmann glial cells, in concert with a membrane depolarization and changes in the concentrations of
other transported ions, result in a long-lasting reduction of the driving force for glial glutamate uptake at
active synapses in the cerebellum. Sodium accumulation upon repetitive activity might thus provide a

negative feedback mechanism on glutamate uptake promoting the diffusion of glutamate and the activation

of extrasynaptic glutamate receptors.

Key words: Cerebellum, GLAST, SBFI, glutamate, parallel fiber, neuron-glia interaction

1. Introduction

In the central nervous system, the extracellular con-
centration of glutamate is regulated by specific trans-
porters that rapidly bind glutamate and move it in-
side cells. To date, five transporters, termed excita-
tory amino acid transporters 1-5 (EAAT 1-5), have been
cloned. They are electrogenic and are mainly driven by
the electrochemical gradient of sodium (Na*t) (Nicholls
and Attwell, 1990; Anderson and Swanson, 2000; Dan-
bolt, 2001; Maragakis and Rothstein, 2001; Schous-
boe, 2003). Glial cells predominantly express EAAT1
(GLAST) and EAAT2 (GLT-1). Their activation re-
sults in a fast decline of glutamate concentration in the
synaptic cleft and shapes the time course of synaptic
conductance (Barbour et al., 1994; Takahashi et al.,
1995; Rothstein et al., 1996; Oliet et al., 2001; Bor-
dey and Sontheimer, 2003; Takayasu et al., 2005). Fur-
thermore, glial glutamate uptake moderates the activa-
tion of extrasynaptic receptors and limits spillover of
glutamate to adjacent synapses (Asztely et al., 1997;
Rusakov et al., 1999; Knopfel et al., 2000; Chen and
Diamond, 2002; Clark and Cull-Candy, 2002; Huang
and Bergles, 2004; Marcaggi and Attwell, 2004).
Bergmann glial cells of the cerebellum are spe-
cialized astrocytes. Their processes tightly enclose
synapses of climbing and parallel fibers onto Purk-
inje cells and form microdomains that are virtu-

ally uncoupled from the rest of the cell (Grosche
et al, 1999; Ito, 2000; Grosche et al., 2002).
Bergmann cells express both a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA) receptors and
glutamate transporters (GLAST, GLT-1; Danbolt,
2001). GLAST-deficient knockout mice suffer from im-
paired motor coordination, abnormal climbing fiber in-
nervation and increased susceptibility to cerebellar in-
jury (Watase et al., 1998 ), illustrating the vital role of
glial glutamate uptake for cerebellar function.

Stimulation of glutamatergic inputs to Purkinje
neurons evokes inward currents in adjacent Bergmann
cells that result from activation of AMPA receptors and
uptake of glutamate (e. g. Bergles and Jahr, 1997;
Linden, 1997; Grosche et al., 1999; Kulik et al., 1999;
Matyash et al., 2001; Bordey and Sontheimer, 2003;
Bellamy and Ogden, 2005). Because both mechanisms
involve inward movement of sodium, excitatory synap-
tic activity will be accompanied by Na™ influx into
Bergmann glia (Kirischuk et al. 2007). Furthermore,
in hippocampal and cortical astrocytes, exogenous ap-
plication of glutamate results in intracellular Na™ tran-
sients (Rose and Ransom, 1996; Chatton et al., 2000;
Magistretti and Chatton, 2005). An increased intracel-
lular Na*t concentration decreases the driving force for
glutamate transport and might thus result in reduced
uptake.



So far, no detailed description and analysis of
activity-induced Na® transients in the processes of
Bergmann glial cells has been performed. Therefore,
we have performed quantitative Na™ measurements in
Bergmann glial cells and Purkinje neurons of acute cere-

bellar slices of the mouse. Our experiments demon-

strate that application of glutamate as well as bursts of
synaptic activity induce long-lasting Na™t transients in
the processes of Bergmann glial cells, which are mainly
caused by the influx of Na™ associated with glutamate
uptake. Na™ transients can reach several mM following
short burst stimulation, suggesting that they provide a
negative feedback on glutamate uptake by reducing its
driving force at active synapses in the cerebellum.

2. Materials and Methods

Tissue preparation and patch clamp recordings: Experi-
ments were carried out on acute tissue slices (300 pm) of
mouse cerebellum (postnatal day 11-15) as described ear-
lier (Barski et al., 2003). Animals were decapitated follow-
ing anesthesia with COg and the cerebella were rapidly re-
moved. After sectioning, slices were kept in physiological
saline composed of (in mM): 125 NaCl, 2.5 KCl, 2 CaCls, 1
MgClg, 1.25 NaH2 POy, 26 NaHCO3 and 20 glucose, bubbled
with 95% Oz and 5% COsz until they were used for exper-
iments. Experiments were performed at room temperature
(22-24 °C). When synaptic stimulation was performed, the
slices were continuously perfused with saline containing 20
pM bicuculline methiodide to block transmission by GABAA
receptors. All chemicals were purchased from Sigma, except
for tetrodotoxin (purchased at Alomone Labs, Jerusalem,
Israel and at Biotrend Chemicals, Cologne, Germany) and
TBOA (threo-B-benzyloxyaspartate; Tocris/BIOZOL Diag-
nostica Vertrieb GmbH, Eching, Germany).

Somatic whole-cell recordings were obtained with an

EPC10 amplifier (HEKA Elektronik, Lambrecht, Ger-
many); ”PatchMaster”-software (HEKA Elektronik, Lam-
brecht, Germany) was used for data acquisition. The

pipette solution contained (in mM): 148 potassium glu-
conate, 6 KCI, 10 HEPES (N-(2-Hydroxyethyl)piperazine-
N’-(2-ethanesulfonic acid), 8 NaCl, 0.5 MgCl2, 4 Mg-ATP
and 0.4 Na3-GTP, pH 7.3. Bergmann glial cells were gen-
erally held at membrane potentials of -80 mV, holding po-
tential of Purkinje neurons was -70 mV; liquid junction po-
tential was not corrected. For Na't-imaging experiments,
1 or 2 mM SBFI (sodium-binding benzofuran isophtha-
late; Molecular Probes/Invitrogen, Karlsruhe, Germany)
was added to the pipette solution. Glutamate, AMPA (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionate), NMDA
(N-methyl-d-aspartate) or D-aspartate were applied by a
pressure application device (PDES-02D, NPI Electronic
GmbH, Tamm, Germany) coupled to standard micropipettes
(Hilgenberg, Waldkappel, Germany) placed at a distance of
approximately 10-20 ym to a visible cellular process. All
other drugs were applied with the bath perfusion.

Electrical stimulation of parallel fibers (PF) was per-
formed by square pulses (150 ps duration) delivered at 50
Hz via a thin borosilicate glass pipette (Hilgenberg, Wald-
kappel, Germany) filled with saline which was placed in the
molecular layer. For stimulation of climbing fibers (CF),
the stimulation pipette was placed in the granular cell layer.
The stimulus pulse amplitude was 20-50 V for PF stimula-
tion and 50-90 V for CF stimulation.

Nat imaging: Conventional, wide-field fluorescence
imaging was performed using a variable scan digital imaging
system (TILL Photonics, Martinsried, Germany) attached
to an upright microscope (Olympus BX51Wi, 60x water
immersion objective, N.A. 0.90, Olympus Europe, Ham-

burg, Germany) and a CCD camera as sensor (TILL Imago
VGA, TILL Photonics, Martinsried, Germany). Cells were
loaded with the sodium-sensitive fluorescent dye SBFI via
the patch-pipette. To ensure sufficient diffusion of the dye
into distal branches, cells were filled with SBFI for at least
30 min before starting the recordings. In some experiments,
cells were dye-loaded by bath application of the membrane
permeable form of SBFI (SBFI-AM). For wide-field imaging
with SBFI, background-corrected fluorescence signals (>410
nm) were collected from defined regions of interest after al-
ternate excitation at 345 nm and at 385 nm, and the flu-
orescence ratio (F345/F385 nm) was calculated. Images
were acquired at 2-5 Hz and analyzed off-line. Imaging and
electrophysiological data were processed and analyzed by
employing OriginPro (OriginLab Corporation, Northhamp-
ton, MA) or IGOR Pro Software (WaveMetrics, Inc., Lake
Owego, OR).

In situ calibration of SBFI fluorescence in Bergmann
glial cells and Purkinje neurons was performed as described
earlier (Meier et al., 2006). In brief, cells were first loaded
with SBFI via a patch pipette and then the pipette was
carefully removed. Subsequently, slices were perfused with
calibration solutions containing different concentrations of
Nat and ionophores (gramicidin, monensin) to equilibrate
extra- and intracellular sodium while recording the fluores-
cence emission of SBFI (Bergmann glia: n=8; Purkinje Neu-
rons: n=4; Suppl. Fig. 1).

Unless otherwise specified, data are expressed as means
+ s.e.m.. Data were statistically analyzed by a one-way-
analysis of variance (Bonferroni-post-hoc test; significance

level, p<0.01)

3. Results

Na™ transients induced by glutamate and gluta-
mate agonists

In the cerebellum, synaptically released glutamate ac-
tivates Purkinje neurons and adjacent Bergmann glial
cells by binding to glutamate receptors and sodium-
dependent glutamate transporters. Because both in-
volve Na™ influx, we first studied the effect of an exoge-
nous application of glutamate or glutamate agonists on
the intracellular Na™ concentration of Purkinje neurons
and Bergmann glia loaded with the sodium indicator
dye SBFI. In parallel to the imaging of Na™ transients
in the cellular somata and/or processes, membrane cur-
rents were recorded at the cell bodies.

In Purkinje neurons, a focal pressure-application of
glutamate (1 mM, 200 ms) in the presence of the Na™
channel blocker tetrodotoxin (TTX; 0.5 pM) resulted
in an inward current of -2.1+0.6 nA. This inward cur-
rent was accompanied by an increase in the intracellular
Na™ concentration by 5.943.1 mM in cellular regions
located in the vicinity of the application pipette (n=4;
Fig. 1A).

Application of glutamate also caused inward cur-
rents and Na™ transients in Bergmann glial cells (n=31;
Fig. 1B). As observed for Purkinje neurons, Glutamate-
evoked Na'v transients in Bergmann glial cells were
largest in processes close to the application pipette (Fig.
2A). Their maximal amplitude was linearly dependent
on the peak current amplitude (n=>5; Fig. 2B). On
average, glutamate induced a maximal Na' increase
of 2.440.3 mM, accompanied by a peak current of -
125+3.6 pA. Glutamate-induced Nat transients and
inward currents in Bergmann glial cells were not al-
tered by TTX (0.5 pM; n=5; Fig. 2C), indicating that
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Supplementary Figure 1. In situ calibra-
tion of the sensitivity of SBFI to changes in
[Na*] in Bergmann glial cells. A, In cells
loaded with SBFI and perfused with a
calibration cocktail containing 3 mM
gramicidin D,10 mM monensin, and 100 mM
ouabain to equilibrate extra- and intracellular
sodium concentrations, stepwise changes
in the extracellular Na+ concentration from
0 to 150 mM and back to 30 mM caused
stepwise changes in the fluorescence ratio
of SBFI (F1=345 nm/ F2=385 nm). B,
Relationship between changes in fluores-
cence ratio and [Na']. Shown are mean
values and S.E. (n=8). The curve reveals a
nearly linear relationship between 0 and 30
mM sodium. Within this range, a 10%
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change in fluorescence  emission
corresponds to a change of about 4.8 mM
sodium. The K, of about 37 mM was
determined from a Lineweaver-Burk plot.
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they were not induced by neuronal activity and trans-
mitter release, but by direct action of glutamate onto
Bergmann glial cells.

Bergmann  glial cells  predominately  ex-
press ionotropic a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionate (AMPA) receptors; some studies
reported the expression of ionotropic N-methyl-D-
aspartate (NMDA) receptors (Verkhratsky et al., 1998;
Verkhratsky and Steinhaduser, 2000). To analyze the
effect of an activation of non-NMDA receptor chan-
nels, we locally applied AMPA (50 uM) for 100-3000
ms to Bergmann glial cells in the presence of TTX.
AMPA application induced an inward current (Fig.
3A) that was completely and reversibly blocked by the
AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX, 5 pM; n=9, not shown), confirming
the presence of these receptors in Bergmann glial cells.
Glutamate-evoked Na™ transients in Bergmann glial
cells were largest in processes close to the application
pipette (Fig. 2A). Surprisingly, despite considerable
AMPA-induced somatic inward currents, only small
increases in Na® were detected, followed by a longer
lasting decrease in the Na™ concentration below base-
line (n=10; Fig. 3A). This delayed Na™ decrease might
have been caused by reversed operation of Na®/Ca*t
exchange, and Na® export, following large AMPA-
induced calcium influx (Kirischuk et al., 1997).

In contrast to AMPA, application of NMDA (1 mM)
for 500-2000 ms failed to induce inward currents and
Na™ signals in Bergmann glial cells in the presence
of TTX (n=7, Fig. 3B). This was observed both in
regular saline at holding potentials between -85 and -
20 mV and in Mg?*t free saline, in which the voltage-
dependent Mg®* block of NMDA receptor channels was
relieved (n=7; not shown). These results are in line
with other studies in which no evidence for a con-
tribution of NMDA receptor activation to glutamate-
induced signals in Bergmann glial cells was found (e.g.
Kirischuk et al., 1999).

To study the effect of a selective activation of gluta-
mate transport on the intracellular Na® concentration
in Bergmann glial cells, D-aspartate, a competitive in-
hibitor of glutamate uptake, was applied in the pres-

ence of TTX. Because D-aspartate is also transported
(Danbolt, 2001), this is expected to result in Na™ tran-
sients and inward currents if functional transporters are
expressed (Rose and Ransom, 1996; Chatton et al.,
2001). Indeed, D-aspartate (1 mM, 200-500 ms) in-
duced both a Na* signal and a somatic current (n=18;
Fig. 3C) in Bergmann glial cells. D-aspartate-induced
glial Na™ signals were reduced by 70£3% in the pres-
ence of 200 pM threo-B-benzyloxyaspartate (TBOA),
which is a non-transported blocker of glutamate uptake,
confirming that they were predominately induced by ac-
tivation of glutamate uptake (n=6; not illustrated).

Synaptically-induced Na® transients in

Purkinje neurons

Each Purkinje cell receives local glutamatergic inputs
from more than 100000 granule cells via their axons,
the parallel fibers (Ito, 2000). Purkinje neurons re-
spond to activation of parallel fibers by graded elec-
trophysiological responses and localized dendritic Ca?"
transients (Eilers et al., 1995a; Barski et al., 2003). A
second powerful glutamatergic input derives from the
inferior olive and is represented by the climbing fiber,
that makes some 10.000’s of synapses to a single Purk-
inje neuron. Climbing fiber activation results in a stan-
dard all-or-none electrical response, the so-called ”com-
plex spike”, which results in a global dendritic calcium
increase in Purkinje neurons (Eilers et al., 1995b). In
addition, stimulation of parallel and climbing fibers ac-
tivates AMPA receptors and uptake of glutamate in ad-
jacent Bergmann glial cells (e. g. Bergles and Jahr,
1997; Linden, 1997; Grosche et al., 1999; Kulik et al.,
1999; Matyash et al., 2001; Bordey and Sontheimer,
2003; Bellamy and Ogden, 2005).

To study synaptically-induced intracellular Na™
transients, parallel fiber inputs were stimulated by cur-
rent injection at 50 Hz for 100 ms (20-50 V) through a
fine micropipette, which was positioned in the molecu-
lar layer above visible cellular processes of SBFI-filled
cells. As reported previously (Lasser-Ross and Ross,
1992; Callaway and Ross, 1997; Kuruma et al., 2003),
synaptic activity caused an inward current (peak am-
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Figure 1. Na* transients induced by
focal pressure application of gluta-
mate. A, Purkinje neuron. A1-A3,
Color-coded images of the ratio of
SBFI fluorescence emission (345/385
nm), averaged from 3 consecutive
images. Red indicates high, blue
indicates low intracellular Na* concen-
tration. At t=0 s, glutamate (1 mM)
was applied for 200 ms; flow of perfu-
sion was from bottom to top. A4,
Image of the fluorescence emission of
SBFI at 385 nm excitation. The
application pipette is schematically
shown on the right. The black line
indicates the area in which the Na*
measurement was performed. A5,
Somatic current and Na' transient
induced by the glutamate application.
B, Bergmann glial cell. B1-B3, Color-
coded images of the SBFI ratio as
above. At t=0 s, glutamate (1 mM)
was applied for 3 s; flow of perfusion
was from bottom to top. B4, Image of
the fluorescence emission of SBFI at
385 nm excitation. The application
pipette is schematically shown on the
right. The white line indicates the area
in which the Na* measurement was
performed. B5, Somatic current and
Na* transient induced by the gluta-
mate application.
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plitude -1.840.2 nA) and dendritic Na™ transients in
Purkinje neurons (n=14; Fig. 4A). Glutamate-evoked
Na' transients in Bergmann glial cells were largest in
processes close to the application pipette (Fig. 2A). In
accordance with these earlier studies, the rise time of
dendritic Na* transients was less than a second (Fig.
4D). Based on our in situ calibration of SBFI fluores-
cence, we found that the amplitude of dendritic Na™
transients induced by the synaptic stimulation protocol
was 1.540.2 mM. Na™ transients decayed with a mono-
exponential time course and a decay time constant of
13.1 s (n=5, Fig. 4D).

As expected (Callaway and Ross, 1997; Kuruma et

al., 2003), Na* transients in Purkinje cell dendrites in-
duced by short burst stimulation of parallel fibers were
largely blocked by CNQX (10 uM), confirming that they
are mainly caused by Na™ influx through postsynaptic
AMPA channels (n=9; Fig. 4B,C). The small CNQX-
resistant currents and Na' transients (Fig. 4B,C)
might reflect activation of metabotropic glutamate re-
ceptors (Knopfel et al., 2000) or postsynaptic uptake of
glutamate (Otis et al., 1997; Brasnjo and Otis, 2001,
2004).



A2 currents:  Na*-transients: Figure 2. Glutamate-induced Na*
YGu transients in Bergmann glial cells. A1,

Image of the fluorescence emission of

038 a Bergmann glial cell excited at 385
i nm. The application pipette is
schematically shown on the right, flow
of perfusion was from bottom to top.
The patch pipette attached to the cell
body can be seen on the lower left.
The white dashed lines indicate the
areas of interest which were
analyzed. A2, somatic currents and
Na* signals in the regions depicted in
A1 following application of glutamate
(1 mM) for 0.3, 1, and 2 s. B,
Glutamate-evoked Na* increases
plotted versus corresponding peak
current amplitudes. Data points are
from six different cells as indicated by
the six different symbols. The straight
R=0.893 C TTX line represents a linear fit (correlation
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Figure 3. Na* transients evoked by
glutamate agonists in Bergmann glial
cells. A, Effect of AMPA. A1, B1, C1,
Image of the fluorescence emission of
the recorded Bergmann glial cell
excited at 385 nm. The application
pipette is schematically shown on the
right. The white dashed line indicates
the area of interest which was
analyzed. A2, Local application of
AMPA (50 uM, 3 s) induced an inward
current that was accompanied by a

B2 biphasic Na* signal. B, Effect of

current: current: NMDA. B2, Local application of

| Y NMDA (1 mM, 2 s) did not result in an

- inward current, nor in a Na* signal. C,

0'12& 20 pA Effect of D-aspartate. C2, Local

10s ] application of D-aspartate (1 mM, 0.5

Na*-transient: Na*-transient: Na*-transient: s) induced both a .somatic inwarFi
0.5 mM 0.5 mM current and a Na+ signal. All experi-

s el Ly ments were performed in the

presence of 0.5 uyM TTX to prevent
neuronal action potentials. Scale bars
are 10 um.
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Figure 4. Na* transients evoked by
parallel fiber stimulation in Purkinje
neurons. A, Image of the fluorescence
emission of a Purkinje neuron at 385
nm. The stimulation pipette is
schematically shown on the right. The
white dashed lines indicate the areas
of interest which were analyzed. Burst
- stimulation at 50 Hz for 100 ms
induced a somatic inward current that
was accompanied by Na+ transients
in the mM range in the dendrites. B,
Experiment demonstrating the revers-
ible influence of CNQX on
synaptically-induced inward currents
and Na* transients in Purkinje
neurons. C, Histogram depicting the
mean values (+ s.e.m.) of the ampli-
tudes of activity-induced Na*
transients and inward currents in the
control, during perfusion with CNQX
and after wash-out of CNQX as
percent of control values (n=9 experi-
ments; * indicates a significant differ-
ence, p<0.01). D, Time course of
activity-induced Na® ftransients in
Purkinje cell dendrites (average of 5
experiments). The time to peak is
faster than 1 second, the solid black
line represents the fit of a monoexpo-
nential decay, revealing a decay time
constant of 13.1 s. The corresponding
(averaged) inward current is shown
on the left.

Synaptically-induced Na' transients in

Bergmann glial cells

As described above for measurements in Purkinje neu-
rons, parallel fiber inputs were stimulated by current in-
jection through a micropipette positioned in the molec-
ular layer above visible cellular processes of an SBFI-
filled Bergmann glial cell. Because of increased scatter-
ing of the fluorescence signals from Bergmann glia pro-
cesses with increasing depth, Na™ measurements were
usually restricted to a main process located near the
surface of the slice.

Short burst stimulation of parallel fibers (50 Hz/100
ms) induced a somatic inward current with a charac-
teristic biphasic decay time course as described ear-
lier (Figs. 5A,C; 6A; Bergles et al., 1997; Clark and
Barbour, 1997). Glutamate-evoked Na™ transients in
Bergmann glial cells were largest in processes close
to the application pipette (Fig. 2A). Stimulation-
induced inward currents were accompanied by clearly
detectable, long lasting Na*t transients (Figs. 5A,C;
6A). Both glial currents and Na™ transients were absent
during perfusion with TTX, confirming their synaptic
origin (n=4; not shown). Increasing the stimulus in-
tensity to raise the number of activated parallel fibers
increased the amplitude of inward currents and Na®
transients (n=9; Fig. 5A,B). For each of the experi-
ments described in the following, the stimulation inten-

sity was increased stepwise from 20 to up to 50V until
maximal Na™ signals were obtained in the analyzed pro-
cess. These maximal Na™ signals were associated with
average somatic inward currents of 430+34 pA (n=36).

The peak amplitude of glial Na™t signals ranged
from about 0.5 mM to up to 9 mM (mean 2.740.3;
n=36). The kinetics of these signals varied between
different cells. Basically, two time courses, as well as
intermediates between these two, were found. Na™ in-
creases of less than 2 mM (20 out of 36 cells; e. g. Fig.
8A) were usually characterized by rise times of 10 to
more than 30 seconds and a broad peak (“slow Na‘t
transients” ). Moreover, the decay to baseline could not
be fitted by a monoexponential decay time course (Fig.
5C). In contrast, Nat increases of more than 4 mM,
detected in 9 out of 36 cells (mean 5.6+£0.6 mM; e. g.
Fig. 6A), had an average rise time of several seconds, a
clearly defined peak and a strictly monoexponential de-
cay to baseline with a time constant of about 90 seconds
(Fig. 5C; ”fast Na™ transients”).

These differences in kinetics were not only found
when comparing different cells, but were also observed
within a given cell when several main processes could
be analyzed in parallel (n=10). Fig. 6A illustrates such
a cell. Glutamate-evoked Na™ transients in Bergmann
glial cells were largest in processes close to the appli-
cation pipette (Fig. 2A). The Na' signal was largest
in the process that was located closest to the stimula-
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Figure 5. Na“ transients evoked by parallel
fibers stimulation in Bergmann glial cells.
A, Image of the fluorescence emission of a
Bergmann glial cell excited at 385 nm
(Scale bar: 10 pm). The stimulation pipette
is schematically shown on the left. The
white dashed line indicates the area of
interest which was analyzed. Parallel
fibers stimulation (50 Hz/100 ms) induced
somatic inward currents and Na+ signals in
the main cellular processes. Increasing the
stimulus intensity from 20V to 50V caused
an increase in the amplitude of the
resulting inward current, as well as an
increase in the accompanying Na*
transient. B, Plot showing the relationship
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cells are connected. C, Left: Average of

Na* transients smaller than 2 mM, taken
from arbitrarily chosen cells. The rise time
of this signal is about 25 s, the peak
duration in the range of 20-30 seconds and
the decay can not be fitted by a monoexpo-
nential decay time course. Right: Average
of activity-induced Na* transients larger
than 4 mM, taken from 5 different experi-
ments. The solid black line represents the
fit of a monoexponential decay, revealing a
decay time constant of 876 s. The
corresponding (averaged) inward current
is shown on the left.
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Figure 6. Na® transients in different
processes during parallel versus climbing
fibers stimulation. A, Na* signals following
parallel fibers stimulation (50 Hz, 100 ms)
were largest in processes that were
located close to the stimulation pipette (r1
and r2). Note the change in kinetics of the
Na® transients with increasing distance
from the stimulation pipette. B, Na*
transients following stimulation of climbing
fibers (50 Hz, 200 ms) were not localized,
but had comparable time courses and
kinetics in different processes of a
Bergmann glial cell (r1-r3). Scale bars are
10 pm.

tion pipette (regionl). The maximal Na™ transient was
characterized by a fast rise time, defined peak and a mo-
noexponential decay to baseline. In the process located
furthest away from the stimulation pipette (region3),
the amplitude of the Na™ transient was much smaller
and only reached many seconds later; furthermore this
Na™ signal was characterized by a markedly broadened
peak. In the process located in between (region2), an
intermediate time course and amplitude was detected.
Based on these observations, we assume that processes,
in which we detected Na™ signals with a relatively fast
rise time, a defined peak and a monoexponential decay
to baseline in response to parallel fibers stimulation,
were the site of main synaptic input and direct Na™
influx.

In contrast to parallel fibers stimulation, burst stim-

ulation of climbing fibers (50 Hz, 100-200 ms), resulted
in global intracellular Na™t transients with similar ki-
netics, amplitude and time course throughout the entire
tree of processes of Bergmann glial cells (n=3, Fig. 6B).
Thus, the spatial distribution of Na™ transients induced
by stimulation of the two different inputs, parallel and
climbing fibers, followed the profile expected from mea-
surements of calcium transients in the dendritic tree
of Purkinje neurons (Eilers et al., 1995a; Eilers et al.,
1995b).

To determine the membrane potential changes in-
duced by the synaptic stimulation protocol, we per-
formed experiments in which we first held the cells
in the voltage-clamp mode and then switched to the
current-clamp mode. The burst stimulation protocol
resulted in an average inward current of -4304+67 pA as
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Figure 7. Synaptically-induced changes in
membrane potential and spatial extend of
glial Na* signals in the molecular layer. A,
Switching from voltage-clamp into the
current-clamp mode revealed that the
burst stimulation of parallel fibers (50
Hz/100 ms) generated a membrane
depolarisation by about 12 mV. The
respective Na® transients are shown
below. B, Top: Image of SBFI fluorescence
(385 nm) of the cerebellar cortex after bath
incubation with the dye. A band of
Bergmann glial cell bodies is visible on the
right, as well as numerous fine parallel
processes that extend to the pia on the left.
The stimulation pipette is schematically
shown, as well as 5 rectangular areas (0-4)
that indicate the regions of interest in
which the fluorescence signals were
analyzed. Bottom: Change in the fluores-
cence ratio of SBF| in the different regions
(r0-r4) evoked by a burst stimulation (50
Hz/400 ms) of parallel fibers.

measured in the voltage-clamp mode, and a membrane
depolarization of 11.84+2.3 mV when cells were held in
the current-clamp mode (n=6, Fig. 7A). Glutamate-
evoked Na' transients in Bergmann glial cells were
largest in processes close to the application pipette
(Fig. 2A). The amplitude of Na® transients was re-
duced by 22+11% in the current-clamp as compared
to the voltage-clamp mode (Fig. TA), indicating that
the depolarization decreased the activity of electrogenic
glutamate uptake.

Na™ transients following stimulation of parallel
fibers were not restricted to single cells. In slices
loaded with the membrane permeable form of SBFI
to stain a large population of cells, stimulus-induced
Na™ transients were observed in the processes of sev-
eral Bergmann glial cells located to the left and to the
right of the stimulation pipette (n=6; Fig. 7B). The
amplitude of these Na® transients decreased with in-
creasing distance from the stimulation pipette, indicat-
ing decreased parallel fiber activation (Fig. 7B).

Origin of activity-induced glial Na™ tran-
sients

To analyze the origin of Na™ transients induced by glu-
tamatergic transmission in Bergmann glial cells, we ap-
plied blockers of glutamate receptors and glutamate up-
take. CNQX caused a reduction in the peak amplitude
of the current induced by parallel fiber stimulation by
4348%. At the same time, the peak Na't increase was
reduced by 38+10

We next studied the role of sodium-dependent glu-
tamate uptake. As reported by others (e. g. Bellamy
and Ogden, 2005), application of CNQX together with
the glutamate-uptake blocker TBOA (200 nM) blocked
the glial inward current evoked by a single pulse stim-
ulation of parallel fibers (n=4; not shown). Performing
the burst stimulation protocol (5 pulses at 50 Hz/100
ms), however, yielded a different result. While TBOA
reduced the peak amplitude of Na™ transients evoked
by burst stimulation by 64+6%, the amplitude of the

glial inward current was increased to 177+£16% of con-
trol (n=12; Fig. 8B,C). Glutamate-evoked Na™® tran-
sients in Bergmann glial cells were largest in processes
close to the application pipette (Fig. 2A). Concomitant
application of both blockers, CNQX and TBOA, caused
an virtually complete omission of the evoked Na¥t sig-
nals, while the peak current amplitude was reduced to
434+3% of control (n=4; not shown).

Taken together, these results demonstrate that the
majority of glial Na*t influx evoked by burst stimulation
is caused by inward transport of Na™ by glutamate up-
take. Furthermore, inhibition of glutamate uptake by
TBOA during repetitive synaptic stimulation causes the
emergence of a large inward current in Bergmann glial
cells. A potentiation of glial inward currents in the pres-
ence of glutamate uptake blockers following repetitive
synaptic stimulation was also reported by Bellamy and
Ogden (2005). It was proposed, that this current is due
to AMPA-receptor-induced release of a paracrine mes-
senger from neurons that activated a G-protein coupled
receptor in Bergmann glia cells.

4. Discussion

Based on quantitative imaging measurements using the
Na™ indicator SBFI, the present study demonstrates
that excitatory synaptic activity results in Na™ tran-
sients in dendrites of Purkinje neurons and processes
of Bergmann glial cells, which can reach several mM
following short burst stimulation. Na™ transients in
dendrites of Purkinje neurons have much faster kinet-
ics than glial Na™ transients and are mainly caused by
activation of AMPA receptors. Glial Na™ transients
have rise times of several seconds and persist for tens of
seconds. While activation of AMPA receptors accounts
for part of the Na™ signals in glial cells, the majority
of glial Na™ influx is caused by glutamate uptake.

By providing information on the absolute amplitude
of such Na™ signals, our results extend earlier obser-
vations, which demonstrated that synaptically-induced
Na' transients in dendrites of Purkinje neurons are
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Figure 8. Pharmacological profile of synaptically-evoked signals in Bergmann glial cells. A, Blocking ionotropic non-NMDA
receptors by application of CNQX (10 uM) while performing a burst stimulation of parallel fibers caused a reversible reduction in
the peak current amplitude as well as in the peak Na* increase. B, TBOA, a transported blocker of glutamate uptake, strongly
reduced the amplitude of Na* transients evoked by burst stimulation. At the same time, the amplitude of the inward current was
increased. C, Histogram showing the mean values (+ s.e.m.) of the amplitudes of activity-induced Na* transients and inward
currents in the control and during perfusion with CNQX (n=7) and TBOA (n=12) as percent of control value (* indicates a significant

difference, p<0.01).

mainly caused by AMPA-receptor opening (Lasser-Ross
and Ross, 1992; Callaway and Ross, 1997; Kuruma et
al., 2003). Activity-induced Na™ transients in Purk-
inje cell dendrites amounted to about 1.5 mM. This
is considerably lower than Nat accumulations in den-
drites of CA1 pyramidal neurons, where a short burst
of synaptic activity induced Na™ transients of about
10 mM (Rose and Konnerth, 2001a). This difference
may arise because synaptically-induced Na™ transients
in hippocampal neurons are largely mediated by NMDA
receptors (Rose and Konnerth, 2001a), which are not
expressed by Purkinje cells. Moreover, Na™ spikes do
not actively propagate into the dendrites of Purkinje
cells and action potential generation itself does not
cause dendritic Na*t transients (Lasser-Ross and Ross,
1992; Callaway and Ross, 1997).

Our study also shows that short burst stimulation
of parallel or climbing fibers evokes long lasting Na™
transients in the processes of Bergmann glial cells. In
agreement with a study published recently (Kirischuk et
al., 2007), glial Na™ transients were partially sensitive
to CNQX and thus partly mediated by AMPA recep-
tor activation. However, most of the Na™ influx evoked
by synaptic activity was sensitive to a blocker of glu-
tamate uptake. Moreover, application of D-aspartate,
a selective agonist of glutamate uptake, induced in-
ward currents as well as Na™ transients in Bergmann
cell processes. This is consistent with earlier studies,
in which Nat transients following activation of gluta-
mate transport were reported from glial cells (Rose and
Ransom, 1996; Chatton et al., 2000; Magistretti and
Chatton, 2005, Kirischuk et al. 2007). Thus, gluta-
mate uptake represents the predominant mechanism for
activity-induced Na* influx into Bergmann glial cells.

Large synaptically-induced Na™ transients in
Bergmann glial cells, which presumably reflected Na™
influx at the site of main synaptic input, had an ampli-
tude of up to 9 mM, a rise time of 5-6 seconds and a
decay time constant of about 90 s. The kinetics of Na™
transients depend on several factors. In addition to
diffusional processes, the rise time is mainly governed
by the activity of glutamate uptake, whereas the de-
cay is largely dependent on the Na®™ /K*-ATP’ase. Be-

cause transport systems are involved, kinetics also de-
pend on the temperature, and both rise and decay time
will be 2-3 times faster at physiological as compared to
room temperature (e.g. Wadiche and Kavanaugh, 1998;
Rose et al., 1999). Nevertheless, even when accelerated
threefold, glial Na™t signals will persist for tens of sec-
onds. Such large decay time constants are in agreement
with earlier studies demonstrating that Nat transients
are less localized and decay much slower than calcium
transients (e. g. Callaway and Ross, 1997; Regehr,
1997; Rose and Konnerth, 2001a; Grosche et al., 2002;
Kuruma et al., 2003; Beierlein and Regehr, 2006; Piet
and Jahr, 2007, Kirischuk et al., 2007).

Accumulation of Na™ reduces the driving force for
glutamate uptake (see below). Moreover, it might in-
fluence the recovery of calcium transients mediated by
the Na™ /Ca®"-exchanger (Kirischuk et al., 1997). A
well documented consequence of glial Na™ transients is
increased ATP hydrolysis by the Nat /KT-ATP’ase. In
astrocytes, this has been suggested to promote glyco-
gen breakdown (Chatton et al., 2000; Voutsinos-Porche
et al., 2003; Magistretti and Chatton, 2005). Thus,
Na™ accumulations might link increased neuronal ac-
tivity and glial metabolism (Magistretti and Chatton,
2005).

Consequences of Nat transients for the driv-
ing force of glial glutamate uptake

Because glutamate transport is coupled to the trans-
port of three Na™ ions, the inwardly directed Na*t gra-
dient provides its major driving force (Nicholls and At-
twell, 1990; Levy et al., 1998; Danbolt, 2001; Mara-
gakis and Rothstein, 2001); Fig. 9A). In addition, glu-
tamate uptake is dependent on the electrochemical gra-
dients for potassium, protons, and glutamate (Fig. 9A).
Glutamate-evoked Na™t transients in Bergmann glial
cells were largest in processes close to the application
pipette (Fig. 2A). Our experiments demonstrate that
synaptic activation causes long-lasting Na™ transients
of up to 9 mM in processes of Bergmann glia. Ear-
lier work has shown that neuronal activity is accompa-
nied by additional changes in ion concentrations in the
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Figure 9. Consequences of activity-induced ion
transients for the overall driving force of glutamate
uptake. A, Model of the stoichiometry of glutamate
uptake. The transport of glutamate is coupled to the
antiport of one potassium ion and to the symport of three
Na* ions and one proton. B, [Na']: fit of the averaged time
course of large intracellular Na* transients (taken from
Fig. 5C), assuming a baseline intracellular Na* concentra-
tion of 10 mM. This fit was used as matrix to model the
time course of a decrease in the extracellular Na* ([Na*],;
baseline 152 mM), an increase in the extracellular potas-
sium ([K']; baseline 2.5 mM), and a decrease in the
intracellular potassium concentration ([K']; baseline 130
mM). E_,: Time course of the change in the reversal
potential for glutamate uptake during synaptic activity,
calculated using the equation introduced by Zerangue
(Zerangue and Kavanaugh, 1996). E_: Average of 6
current clamp experiments (Fig. 7A), showing the mem-
brane depolarization in Bergmann glial cells caused by
synaptic activity. C, Change in the driving force for gluta-
mate uptake, generated by adding the numerical values
of changes in reversal potential (E_,) and in membrane
potential (E, ) and normalizing the resulting curve to base-
line.

mM range: a decrease in the extracellular Na¥, an in-
crease in the extracellular potassium, and a decrease in
the intracellular potassium concentration (Sykova and
Chvatal, 1993). Furthermore, both extracellular and in-
traglial pH increase with moderate synaptic stimulation
(Chesler, 2003).

Based on these results, we estimated the conse-
quences of activity-induced intracellular Na¥ signals
for the driving force for glutamate uptake at active
synapses. Thus, we first calculated the reversal po-
tential of glutamate uptake (Erev) applying the equa-
tion introduced earlier (Ereo=(RT/F(n no +ng-ng-
nou) x In (([Nao)/[Nai)™* x ([Glug]/[Glu;))"¢™ x
(IHol/[H)™ x ([K:]/[Ko))"™)); Zerangue and Ka-
vanaugh, 1996). To obtain a more realistic model, we
not only incorporated our own experimental results, but
also included changes in other ion concentrations. To
this end, the fit of the averaged time course of fast in-
tracellular Na*t transients (Fig. 5C, peak amplitude
6 mM) served to generate time courses for assumed
changes in extracellular Na™, and intra- and extracel-
lular potassium concentrations by the same value (Fig.
9B). Because moderate activity evokes alkalinizations in
the extracellular space and in glial cells (Chesler, 2003),
we assumed that there is no change in the overall proton
gradient, and set intracellular and extracellular pH at
fixed levels of 7.2 and 7.3, respectively (Chesler, 2003).
Extracellular glutamate reaches levels close to baseline
several orders of magnitudes faster than the rise time
of Na' transients detected in the present study (Di-
amond and Jahr, 1997; Rusakov et al., 1999; Matsui
et al., 2005). Thus, we chose to set extra- and intra-
cellular glutamate concentrations at fixed values (0.1
pM and 0.5 mM, respectively). Solving the above men-
tioned equation for these ion concentrations over time
revealed that synaptic activity causes a decrease in the

reversal potential for glutamate uptake from +73 mV
to +37 mV during the peak of the intracellular Na™
increase (Fig. 9B).

Because glutamate uptake is electrogenic, its activ-
ity also depends on the membrane potential. Thus,
we averaged the results of 6 current-clamp experiments
(Fig. 7TA), generating a time course of membrane poten-
tial changes (Em; Fig. 9B). Adding the numerical value
of Em to Erev and normalizing the resulting curve to
baseline, resulted in a curve reflecting the change in the
driving force for glutamate uptake over time (Fig. 9C).
Our model predicts that short burst synaptic activity
reduces the driving force for glial glutamate uptake by
about 20-25% for tens of seconds (Fig. 9C).

When looking at this number, one has to keep in
mind that both rise and decay times of Na™t transients
will be increased by a factor of 2-3 at physiological tem-
perature (e.g. Wadiche and Kavanaugh, 1998; Rose et
al., 1999). Thus, whereas the actual decrease in driv-
ing force will not be as long-lasting as indicated in our
model, a faster rise time of Na™ signals will acceler-
ate the decrease in Erev, and thus result in a larger
maximal reduction in the driving force. In addition,
Na™ changes right underneath the plasma membrane
are probably significantly higher and faster than those
measured in the bulk cytosol, again arguing for a larger
and faster reduction in driving force as predicted by
our model. However, even with these limitations in
mind, the model clearly indicates that following phys-
iological activity, changes in ion gradients, and espe-
cially changes in the intracellular Na® concentration,
will reduce the driving force for glial glutamate uptake
for periods of at least several seconds.

Further studies on Bergmann glial cells are re-
quired to elucidate the physiological consequences of
this activity-dependent reduction. A study by Diamond



and Jahr (Diamond and Jahr, 2000) on hippocampal as-
trocytes showed that high frequency stimulation does
not overwhelm glutamate transporters at physiologi-
cal temperature. In the cerebellum, it is well estab-
lished that glutamate uptake moderates the activation
of extrasynaptic receptors and limits spillover to adja-
cent synapses (Huang and Bergles, 2004). On the other
hand, both processes play a functional role at cerebel-
lar synapses (Clark and Cull-Candy, 2002; Huang and
Bordey, 2004; Szapiro and Barbour, 2007), and are en-
hanced with intense activity. Activation of perisynap-
tic mGluRs and delayed synaptic calcium transients in
Purkinje neurons that are observed with repetitive par-
allel fibers stimulation, are key events in LTD induction
(Rose and Konnerth, 2001b). Thus, decreased glial glu-
tamate uptake resulting from a Nav dependent reduc-
tion in its driving force could serve as a negative feed-
back mechanism promoting the diffusion of glutamate
and the activation of extrasynaptic glutamate receptors
as well as spillover following repetitive activity.
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Abstract

Neuronal activity causes substantial Na* transients in fine cellular processes such as dendrites and spines. The physiological consequences of
such Na* transients are still largely unknown. High-resolution Na* imaging is pivotal to study these questions, and, up to now, two-photon imaging
with the fluorescent Na* indicator sodium-binding benzofuran isophthalate (SBFI) has been the primary method of choice. Recently, a new Na*
indicator dye, CoroNa Green (CoroNa), that has its absorbance maximum at 492 nm, has become available. In the present study, we have compared
the properties of SBFI with those of CoroNa by performing Na* measurements in neurons of hippocampal slices. We show that CoroNa is suitable
for measurement of Na* transients using non-confocal wide-field imaging with a CCD camera. However, substantial transmembrane dye leakage
and lower Na* sensitivity are clearly disadvantages when compared to SBFI. We also tested CoroNa for its suitability for high-resolution imaging
of Na* transients using a confocal laser scanning system. We demonstrate that CoroNa, in contrast to SBFI, can be employed for confocal imaging
using a conventional argon laser and report the first Na* measurements in dendrites using this dye. In conclusion, CoroNa may prove to be a

valuable tool for confocal Na* imaging in fine cellular processes.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Sodium; Confocal imaging; Dendrite; Hippocampus; SBFI; CoroNa Green; Glutamate

1. Introduction

The inwardly directed Na* gradient energizes the vast
majority of transport systems across the plasma membrane and
is critical for homeostasis of intracellular ions such as Ca>* or
protons and for reuptake of transmitters in the brain (Maragakis
and Rothstein, 2004; Rose, 1997). Consequently, Na* entry is
a significant factor in cellular brain damage observed following
diverse pathological conditions (Pinelis et al., 1994; Pisani et
al., 1998; Chen et al., 1999; Chatton et al., 2000; Sheldon et al.,
2004b; Magistretti and Chatton, 2005). Moreover, Na* ions are
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the major charge carriers during action potentials and excitatory
postsynaptic currents in most neurons. Besides their purely
homeostatic function, several studies indicate that Na' ions
have a signaling function and play a role in activity-dependent
synaptic plasticity (Bouron and Reuter, 1996; Chatton et al.,
2000; Chinopoulos et al., 2000; Linden et al., 1993; Rishal et
al., 2003; Yu and Salter, 1998).

In contrast to large-volume fibers, in which electrical sig-
naling requires only small ionic fluxes and does not change
the intracellular Na* concentration ([Na*];) significantly (e.g.
Hodgkin and Huxley, 1952) activity-induced Na* accumulations
have been reported from fine cellular processes such as dendrites
(Callaway and Ross, 1997; Jaffe etal., 1992; Knopfel et al., 2000;
Lasser-Ross and Ross, 1992). In hippocampal neurons, synaptic
stimulation causes [Na*]; transients of about 10 mM in dendrites
and of up to 35-40 mM in dendritic spines (Rose et al., 1999;
Rose and Konnerth, 2001).

Many questions concerning the physiological consequences
of [Na']; transients and the role of Na* ions in intracellular
signaling are still open. Clearly, high-resolution [Na*]; imag-
ing close to synapses and in axons is necessary to answer these
questions. In contrast to imaging intracellular Ca®* transients,
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high-resolution [Na*]; imaging has been, up to date, a rather
tedious and difficult task. This is partly due to the scarcity of
suitable fluorescent indicator dyes. Imaging with the sodium
indicator Sodium Green, which has its absorption maximum
around 488 nm, has been proven useful in a variety of studies
(Friedman and Haddad, 1994; Senatorov et al., 2000; Winslow
etal., 2002). However, interactions of this dye with cellular pro-
teins can hinder reliable measurements (Despa et al., 2000). The
best established Na*-sensitive fluorescent dye, sodium-binding
benzofuran isophthalate (SBFI) (Minta and Tsien, 1989), must
be excited below 400 nm, and can only be employed in confocal
imaging when special UV-lasers are used. Although conven-
tional fluorescence imaging allows detection of [Na*]; tran-
sients in dendrites (Callaway and Ross, 1997; Jaffe et al., 1992;
Knopfel et al., 2000; Lasser-Ross and Ross, 1992; Miyakawa et
al., 1992; Ross etal., 1993; Tsubokawa et al., 1999), the analysis
of the spatial distribution of Na* signals or measurements in fine
dendrites and spines in the intact tissue with SBFI require two-
photon imaging (Rose et al., 1999). This technique, however, is
not applicable for many laboratories because of its high costs
for purchase and maintenance.

Recently, a new, green-fluorescent Na* indicator dye, CoroNa
Green (CoroNa), has become available (Invitrogen/Molecular
Probes). The absorbance maximum of CoroNa is near 492 nm,
which makes it suitable for excitation by argon lasers commonly
used in confocal microscopy. According to the manufacturer
(Invitrogen), CoroNa is brighter and exhibits larger changes in
fluorescence after binding of sodium as compared to Sodium
Green. In the present study, we compared the properties of
CoroNa with those of SBFI to assess the suitability of the for-
mer for imaging of [Na*]; transients in neurons in situ with both
wide-field and high-resolution confocal imaging. We demon-
strate that CoroNa is a suitable tool for measurement of [Na*];
transients using conventional wide-field imaging and report the
first confocal [Na*]; measurements in fine dendrites in acute
brain slices using this dye.

2. Methods
2.1. Tissue preparation and patch-clamp recordings

Balb/c mice (10-13 days old) were anesthetized and decap-
itated. Parasagittal hippocampal slices (250 wm) were prepared
as described previously (Edwards et al., 1989). After section-
ing, slices were kept in physiological saline for 30 min at 34 °C
and then at 25 °C for up to 7 h. Standard techniques were used
for somatic whole-cell patch-clamp recordings (Edwards et al.,
1989). CA1 pyramidal cells were generally held at membrane
potentials of —60 to —65 mV.

The intracellular solution for patch-clamp experiments con-
tained: 120mM K-gluconate, 10mM Hepes, 32mM KClI,
4 mM NaCl, 0.16 mM EGTA, 4 mM Mg-ATP, 0.4 mM Na-GTP,
0.5mM SBFI (tetraammonium salt of sodium-binding benzo-
furan isophthalate; Molecular Probes/Invitrogen) or CoroNa
Green (Molecular Probes/Invitrogen) and was titrated with KOH
to a pH of 7.3. During experiments, slices were perfused with
physiological saline containing: 125 mM NaCl, 2.5 mM KCl,

1.25mM NaH;PO4, 26 mM NaHCO3, 2mM CaCly, 1 mM
MgCl,, 20 mM glucose; continuously bubbled with 95% 02/5%
CO; resulting in a pH of 7.4. Experiments were performed at
room temperature (22-24 °C). a-Amino-3-hydroxy-5-methyl-
4-isoxazolepropionate (AMPA) was applied by a picospritzer
(Intracel) coupled to standard micropipettes placed at a distance
of approximately 15 wm above the cell soma. Glutamate (50 or
100 mM) was applied iontophoretically with fine glass pipettes
placed at a distance of 10-15 wm from a dendrite of interest.

2.2. Na* imaging

Conventional, wide-field fluorescence imaging was per-
formed using a variable scan digital imaging system (TILL
Photonics) attached to an upright microscope (Zeiss Axioskop,
40x water immersion objective) and a CCD camera as sen-
sor (TILL Imago Super-VGA). Hippocampal CA1 pyramidal
neurons were loaded with the fluorescent dye SBFI or CoroNa
(CoroNa Green) either by injection of the membrane-permeable
AM-form of the dye into the stratum radiatum as described
earlier (Stosiek et al., 2003) or by direct intracellular load-
ing through a patch-pipette. For wide-field imaging with SBFI,
background-corrected fluorescence signals from the cell bodies
(>410nm) were collected after alternate excitation at 345 nm
(isosbestic point) and at 385nm (Na*-sensitive wavelength),
and the fluorescence ratio (345 nm/385 nm) was calculated. For
wide-field imaging with CoroNa, cells were excited at 492 nm
and background-corrected fluorescence above 515 nm was col-
lected. CoroNa data were expressed as changes in fluorescence
emission compared to baseline fluorescence (AF/F) and SBFI
measurements as changes in fluorescence ratio compared to
baseline ratio (AR/R) using Igor Pro software (Wavemetrics)
for analyses, unless otherwise stated. Images were acquired at
1-2 Hz, except during calibration experiments, where images
were taken every 5 or 10s.

Confocal imaging was performed in combination with whole-
cell recording using a confocal laser scanning microscope (“Oz”,
Noran, 488 nm argon-ion laser), attached to an upright micro-
scope (Olympus, 60x water immersion objective). Fluores-
cence images were acquired at 30 Hz and imaging was started
at least 30 min after establishing the whole-cell configuration.
Full-frame images were analyzed off-line with custom-made
software based on LABVIEW (National Instruments). Na™*-
transients were recorded in regions of interest along secondary
apical dendrites.

2.3. Calibration

For in vitro calibration of CoroNa, calibration solutions con-
tained: 100 uM CoroNa, 170 mM [Na*]+[K*], 30mM [Cl~],
10mM Hepes and 136 mM gluconate. Solutions were titrated
to pH 7.3 with KOH. Background-corrected fluorescence exci-
tation spectra for wavelengths between 400 and 509 nm were
obtained for solutions with Na* concentrations of 0, 15, 30, 60,
90, 120, 150 or 170 mM using the TILL Photonics system.

In situ calibration of SBFI or CoroNa Green fluorescence
was performed as described earlier (Rose et al., 1999; Rose
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and Ransom, 1996, 1997b). Calibration solutions contained:
170 mM (Na*+K™*), 30mM Cl~, 136 mM gluconate, 10 mM
Hepes, pH 7.3 and 3 uM gramicidin D, 10 uM monensin and
100 M ouabain. For analysis of non-ratiometric experiments,
we only included cells in which the fluorescence emission at
0mM Na* at the start and the end of the experiment did not
differ by more than 20%.

3. Results

SBFI (Minta and Tsien, 1989) is similar to the well-known
ratiometric calcium-sensitive dye Fura-2 (Grynkiewicz et al.,
1985). It is established for measurements of [Na*]; in many
cell types, and up to now, the most widely used fluorescent Na*
indicator dye (Rose, 2003). The optimal Na*-sensitive excitation
wavelength of SBFI inside the cell is between 380 and 390 nm,
whereas its isosbestic point is found near 345 nm. When Na*
is bound to SBFI, its fluorescence quantum yield increases, its
excitation peak narrows and its excitation maximum shifts to
shorter wavelengths, causing a significant change in the ratio of
fluorescence intensities excited at 345 nm/385 nm. In contrast,
the recently developed Na*-sensitive fluorescent dye CoroNa is
a non-ratiometric green-fluorescent Na* indicator that exhibits
an increase in fluorescence emission intensity upon binding Na*,
with little shift in wavelength. The in vitro absorption maximum
of CoroNa is at 492 nm, which makes it suitable for excitation
by argon lasers commonly used in confocal microscopy.

3.1. Intracellular dye loading

Use of membrane-permeant acetoxymethyl (AM) esters of
fluorescent dyes is a convenient and non-invasive method which
enables the loading of many cells at a time and allows both the
study of single cells and of network activities (Peterlin et al.,
2000; Rose and Ransom, 1997a; Stosiek et al., 2003). To test
the suitability of CoroNa for this loading technique in compar-
ison to SBFI, the AM forms of CoroNa or SBFI were injected
into the stratum radiatum close to the pyramidal cell layer at
a concentration of 0.8 mM using a micropipette coupled to a
picospritzer as described earlier (Stosiek et al., 2003).

Injection of CoroNa—AM resulted in a rapid increase in the
fluorescence emission of CA1 pyramidal neurons when excited
at 492 nm. Fluorescence emission from cell bodies reached its
maximum at about 5 min after injection, but then dropped to
levels close to background within 90-120 min (n=4; Fig. 1A).
This drop was not due to dye bleaching, as it was not halted by
switching off the excitation light (Fig. 1A, white box). In con-
trast, injection of SBFI-AM resulted in stable dye loading and
fluorescence emission from cell bodies for several hours (excita-
tion wavelength 385 nm; n = 3; Fig. 1A), as described previously
for other fluorescent indicator dyes (Peterlin et al., 2000; Stosiek
et al., 2003).

Including the membrane-impermeant form of either dye into
a patch-pipette resulted in a maximal fluorescence emission
from cell bodies within 2-5 min after establishing the whole-
cell patch-clamp mode (CoroNa: n=5, SBFI: n=3; Fig. 1B).
The emission of CoroNa stayed at this level for as long as the

(A) AM-ester loading

CoroNa-AM (F4gp) SBFI-AM (F3g5)

F(a.u)

A Injection (10 s) A Injection (10 s)

F(a.u.)
30 min

(B) whole-cell patch-clamp

CoroNa (F4g5)

SBFI (Fsgs)

A Breakthrough

A Breakthrough

Fig. 1. Dye loading of CAl pyramidal neurons in hippocampal slices. (A)
Left panel: Fluorescence emission of CoroNa excited at 492 nm following an
injection of the AM-ester form of the dye into the stratum radiatum for 10s.
Fluorescence emission from cell bodies increased rapidly after the injection,
but then dropped again to levels close to background within 90-120 min. This
drop continued while switching off the excitation light (white box). Right panel:
Injection of SBFI-AM resulted in stable dye loading and fluorescence emission
of cells (excitation wavelength 385 nm). (B) Delivery of either CoroNa or SBFI
through the patch-pipette during whole-cell patch-clamp resulted in a stable flu-
orescence emission within a few minutes after breakthrough when excited at 492
and 385 nm, respectively. F (a.u.): fluorescence emission, depicted as arbitrary
units.

whole-cell configuration was maintained, but dropped steadily
when the pipette was withdrawn from the cell (n = 3; not shown).
In contrast, the fluorescence emission of SBFI-filled cells was
stable for several hours even after removal of the patch-pipette
(n=6; not shown) as reported earlier (Rose et al., 1999).

These experiments demonstrate that CoroNa, in contrast to
SBFI, is not suitable for conventional ester loading or brief load-
ing through a patch-pipette because the dye is lost quickly from
the intracellular compartment. Stable intracellular dye concen-
trations can, however, be obtained by constant delivery of the dye
such as through a patch-pipette during whole-cell patch-clamp
recordings.

3.2. Na'*-sensitivity of CoroNa and SBFI

According to the manufacturer, the Ky of CoroNa in the
test tube is around 80 mM. To determine the Na*-sensitivity of
CoroNa in our hands, we first performed an in vitro calibration.
Fluorescence emission was measured above 515 nm for excita-
tion wavelengths from 400 to 509 nm at Na* concentrations of
0, 15, 30, 60, 90, 120, 150 or 170 mM (n =3; Fig. 2A). Fluores-
cence emission peaked at excitation wavelengths between 492
and 496 nm at all Na* concentrations, confirming the spectra
given by the manufacturer. Plotting the difference in fluores-
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CoroNa
CoroNa:
40% AF/F,
800 170 20min
= mM
2
= 400
0
& 200 3 1; T ]
) 4920 015 30 60 90 120 150 O
0 c
0 50 100 150 2 Na*t [mM]
+
Nat® [mi] £ SBFI:
o 40% ARR,
I 10 min
[ I I I I
400 420 440 460 480 500 0 15 30 90 150 0
Agx [NM] Nat [mM]
(C) in situ calibration
CoroNa (x) — — whole-cell mode linear slope between 0 - 80% AF/F:
_____ ;:;r:rc'l;:d CoroNa : 50 % AF/F =>27.7 mM ANa*
A\gigut(?)) SBFI (0)— — whole-cell mode SBFI. 50 % AR/R => 16.3 mM ANa*
ol 7 —— without pipette AF/F (%
2000 e linear fit AHIR?)(%)
80 SBFI
] (without pipette) s
150 R=0.992 .
60 ; /
J CoroNa
100 e Py (carrected)
40 / R=0.999
50 1 20 "/
0 ey ———— 0

0O 20 40 60 80 100 120 14
Na* [mM]

0 10 20 30 40 50
Nat [mM]

Fig. 2. Calibration of the sensitivity of CoroNa and SBFI to changes in [Na*]. (A) For in vitro calibration of CoroNa, the background-corrected fluorescence emission
above 515 nm was measured in a test chamber for excitation wavelengths (Aex) from 400 to 509 nm at Na* concentrations of 0, 15, 30, 60, 90, 120, 150 or 170 mM.
In the inset, the change in fluorescence emission normalized to 0 mM Na* (AF/F)) is plotted against the Na* concentration, revealing a virtually linear relationship
(Aex 492nm). (B) Calibration of the Na* sensitivity of CoroNa and SBFI in CA1 pyramidal cells. Cells were loaded through the patch-pipette and then objected
to a calibration solution containing ionophores. Stepwise changes in the extracellular Na* concentration from 0 to 150 mM and back caused stepwise changes in
the fluorescence emission of CoroNa (AF/Fy) and fluorescence ratio of SBFI (AR/Ry). (C) Left panel: Relationship between changes in fluorescence emission/ratio
and [Na*];. Shown are mean values & S.E. Dashed black line: Calibration of SBFI with patch-pipette attached (n = 5); solid black line: SBFI with pipette withdrawn
(n=4). Dashed red line: CoroNa with pipette attached (n =5); solid red line: corrected calibration curve for CoroNa, adjusted for the presumed inefficient equilibration
of extra- and intracellular Na* (see text). Right panel: Regression lines for the calibration data of SBFI obtained without pipette (dotted black line) and the corrected
CoroNa data (dotted red line) demonstrate a linear relationship between changes in fluorescence emission and [Na*] in the range between 0 and 80% AF/F. The
slopes reveal that, within this range, a 50% change in fluorescence emission corresponds to a change of about 16 mM Na* when determined with SBFI, and to a
change of about 28 mM Na* when determined with CoroNa. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of the article.)

cence emission at 492 nm normalized to 0 mM Na* (AF/Fy)
against the Na* concentration revealed a basically linear rela-
tionship and no saturation in this concentration range (Fig. 2A).
Although the in vitro K4 could not be determined properly from
these data, its apparent value is at least 80 mM. Calibration
with higher Na* concentrations was not performed because this
implied the use of solutions with higher (and therefore, unphys-
iological) osmolarity.

The spectral properties of SBFI when calibrated in a cell free
system differ significantly from those in an intracellular envi-
ronment (Harootunian et al., 1989; Rose and Ransom, 1996).
Therefore, we also performed calibrations of the Na*-sensitivity
of CoroNa in situ and compared those with in situ calibrations of
SBFI. For these experiments, CA1 pyramidal cells were loaded
with either dye in the whole-cell patch-clamp mode. Subse-

quently, a calibration cocktail containing 3 uM gramicidin (Na*
ionophore), 10 puM monensin (Na*/H* carrier) and 100 pM
ouabain (Na*/K*-ATPase blocker) to promote rapid exchange
and equilibration of Na* across the plasma membrane was per-
fused (Rose et al., 1999; Rose and Ransom, 1996). Stepwise
changes of the extracellular Na* concentration then resulted in
stepwise changes in fluorescence (Fig. 2B). The change in flu-
orescence ratio of SBFI (AR) at each Na* concentration was
normalized to the emission ratio at 0mM Nat (AR/Rg). For
measurements with CoroNa, changes in fluorescence emission
(AF) were normalized correspondingly (AF/Fp). Calibration
curves were then generated from these data (Fig. 2C). For these
and all following experiments, CoroNa was excited at 492 nm,
whereas SBFI was excited alternately at 345nm (isosbestic
point) and 385 nm (Na*-sensitive wavelength) and the ratio in
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SBFI’s fluorescence emission (345 nm/385 nm) was calculated.
For measurements with SBFI, increases in the Na' concentra-
tion are, therefore, reflected in increases in the fluorescence ratio
(Fig. 2B).

To prevent a decrease in fluorescence due to loss of CoroNa
from the cell during calibration (see above), the patch-pipette
was kept attached to the cell body throughout the entire exper-
iment (n=15). This approach not only guaranteed a stable intra-
cellular dye concentration (Fig. 1B), but also caused diffu-
sion of Na' between the pipette solution (containing 4 mM
Na*) and the cytosol during calibration. To estimate the error
resulting from diffusion of Na* through the tip of the pipette,
we compared calibration curves of SBFI in whole-cell mode
(n=5; Fig. 2C, dashed black line) and with pipette withdrawn
(n=4; Fig. 2C, solid black line). For both calibration curves,
the relationship between SBFI fluorescence and [Na']; fol-
lows Michaelis—Menten kinetics, as demonstrated earlier (e.g.
Donoso et al., 1992; Rose et al., 1999; Diarra et al., 2001).
Plotting the data of SBFI’s calibration without pipette in a
Lineweaver—Burk diagram (1/(AR/Ry) versus I/[Na*];) revealed
a BKy (apparent Kg) of 51.54mM and a B (ratio of the flu-
orescence of the bound dye to the free (unbound) dye) of
2.36. According to the calibration equations established by
(Grynkiewicz et al., 1985), this resulted in a Ky of 21.8 mM,
confirming values published earlier (e.g. Donoso et al., 1992;
Rose et al., 1999; Diarra et al., 2001; Sheldon et al., 2004a). In
contrast, the K4 of SBFI appeared nearly twice as high when
the pipette was still attached (Fig. 2C). We reasoned that the
shift in calibration curves resulted from an incomplete equili-
bration of extra- and intracellular Na* concentrations, caused
by the presence of the pipette (4 mM sodium). Given that each
AR/Ry value of SBFI corresponds to a specific intracellular
Na* concentration we used the SBFI calibration curve obtained
without the pipette in order to determine the actual Na* concen-
trations inside the cell when the calibration was performed with
the pipette attached. Under our experimental conditions (pipette
resistances 4.6-4.9 M2, same perfusion velocity and ionophore
concentrations) extracellular Na* concentrations of 15, 30, 60,
90, 120 and 150 mM resulted in intracellular concentrations of
8.2, 16.7, 29.9, 41.4, 50 and 60.7 mM, respectively, during the
calibration with pipette attached. Based on these results we cor-
rected the calibration curve of CoroNa (Fig. 2C, dashed red
line) for the presumed incomplete equilibration of extra- and
intracellular Na* concentrations. This correction resulted in a
shift of the curve to the left and in a significant increase in its
slope (Fig. 2C, solid red line). As for the in vitro calibration,
the relationship between the measured AF/F( and the presumed
intracellular Na* concentration was linear and did not approach
saturation up to the highest extracellular Na* concentration used
(150 mM), precluding a proper determination of the apparent
Kq4 of CoroNa. However, the calibration data clearly show that
the apparent K4 of CoroNa is significantly higher than that
of SBFI.

For both SBFI (without pipette) and the corrected CoroNa
calibration data, the correlation between AF/F;y and the Na*
concentration was linear up to about 80% AF/Fy (Fig. 2C, right
panel). The linear regression lines revealed that within this range,

K*-sensitivity of CoroNa

control 500 nM TTX wash

membrane

current
U1+ -
_2x20puises 2 m]

Nat-

transieri]\]\\w

........ WMW
Ad Ad

depolarization
(2 x 20 pulses)

Fig. 3. Determination of CoroNa’s sensitivity to discriminate between changes
in [Na*]; versus changes in [K*];. A neuron was stimulated with two series
(arrowheads) of 20 voltage steps from —65 to 10mV (inset). This stimulation
resulted in Na*-currents followed by K*-currents (upper traces show the first
five and the last evoked current). The stimulation evoked a transient increase
in the CoroNa-fluorescence in the cell body, which was reversibly blocked by
500 nM tetrodotoxin (TTX). Data are expressed as changes in fluorescence (AF)
divided by the baseline fluorescence before the stimulation (F).

a change in the fluorescence emission (AF/F) of 50% corre-
sponds to a [Na*]; change of 16.3 mM when determined with
SBFI, and to a [Na*]; change of about 27.7 mM when determined
with CoroNa.

To analyze a possible cross-sensitivity of CoroNa with K*,
voltage-clamped CA1 pyramidal neurons were depolarized by
a series of voltage steps that induced sequences of Na*-inward,
followed by K*-outward currents (Rose et al., 1999; Fig. 3,
inset). This stimulation was accompanied by a transient increase
in CoroNa emission from the cell body, indicating an increase
in [Na*];. During perfusion with tetrodotoxin, both the Na* cur-
rents and the increase in fluorescence were reversibly abolished,
while the K*-currents persisted (n=4; Fig. 3). As previously
reported for SBFI (Rose et al., 1999), these results demonstrate
that the sensitivity of CoroNa to changes in intracellular [K*]
was negligible under our experimental conditions.

3.3. Na* transients induced by application of AMPA

To determine the suitability of CoroNa as compared to SBFI
for measurement of agonist-induced [Na*]; transients in intact
cells, we performed experiments, in which the ionotropic gluta-
mate receptor agonist AMPA was locally applied to cell bodies
of hippocampal CA1 pyramidal neurons by pressure ejection
from fine micropipettes. Fluorescence emission and membrane
currents were recorded simultaneously from the cell bodies.
For both dyes, increasing the duration of the AMPA appli-
cation from 20 to 100 ms increased the membrane current as
well as the amplitude of fluorescence changes, reflecting larger
[Na*]; transients with increasing currents through AMPA recep-
tors (n=4 for CoroNa, n=3 for SBFI; Fig. 4A and B). As
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Fig. 4. AMPA-induced Na* transients. (A and B) Local pressure application of the non-NMDA receptor agonist AMPA for 20, 50 and 100 ms to cell bodies of CA1
pyramidal cells evoked both Na* transients and inward currents. (A) Measurements with CoroNa; (B) measurements with SBFI; (C) the AMPA-receptor blocker
CNQX reversibly blocked AMPA-induced Na* transients, determined with CoroNa, and inward currents; (D) relationship between fluorescence transients (AF/F
for CoroNa, filled squares; AR/R for SBFI, open squares) elicited by AMPA application and total charge of the corresponding inward currents, calculated from the
area under the curve (n=3 cells for SBFI; n=4 cells for CoroNa). The slope of the linear regression line generated from these data was 1.5 times higher for SBFI

(dashed line) than for CoroNa (solid line).

expected, the AMPA-induced [Na*]; transients and inward cur-
rents were reversibly blocked by application of the AMPA recep-
tor antagonist CNQX (6-cyano-7-nitrogionoxaline-2,3-dione,
10 uM) (n =3, CoroNa; Fig. 4).

Calculation of absolute Na* concentrations based on the
results of the in situ calibration (see Fig. 2C), revealed com-
parable [Na*]; transients following AMPA-induced currents for
measurements performed using CoroNa or SBFI. Moreover, the
kinetics of AMPA-induced [Na*]; signals did not substantially
differ between the two dyes, despite their difference in molecular
weight and Ky values. However, as expected from the cali-
bration, the Na*-dependent changes in fluorescence emission
differed significantly. To compare Na*-dependent AF/F val-
ues of both dyes, we plotted their peak fluorescence amplitudes
against the total charge of the corresponding inward currents,
and corresponding Na*-influx, respectively (Fig. 4D). The slope
of the linear regression line generated from these data was 1.5
times higher for SBFI than for CoroNa. This result is in good
agreement with the results obtained from the in situ calibration
(Fig. 2C).

3.4. Confocal Na* imaging in dendrites using CoroNa

To test the suitability of CoroNa for confocal measurements
in dendrites, CA1 pyramidal cells were filled with 0.5 mM
CoroNa through the patch-pipette. Imaging experiments were
started at least 30 min after rupturing the patch to ensure diffu-
sion of the dye into the distal parts of the cell (n=4). After this
loading time, the entire dendritic tree of the cells was clearly
visible when excited at 488 nm (Fig. 5SA). A dendrite was cho-
sen and a fine glass pipette was positioned in close proximity
(10-15 pm) to this dendrite. Iontophoretic ejection of glutamate
for a few milliseconds (3—10 ms) evoked an inward current and
a local increase in the fluorescence emission of CoroNa, indi-
cating a local [Na*]; increase in the dendrite (n=6; Fig. 5B).

Fig. 5B shows the [Na*]; transients induced by glutamate,
along different regions of a secondary apical dendrite of a CAl
pyramidal neuron. With increasing distance from the region
of maximal response, presumably the site of activation of glu-
tamate receptors, the peak amplitudes of the [Na*]; transients
declined and were reached at later time points. With glutamate
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currents

glutamate-induced

dendritic Na* transients
measured in the respective
regions of interest

A3 ms

Fig. 5. Glutamate-induced Na* transients in dendrites of CA1 pyramidal cells revealed by confocal imaging. (A) Reconstruction of a CA1 pyramidal neuron filled
with CoroNa. The box denotes the dendritic region where the experiments illustrated in (B) were performed. (B) Upper left: Image of the apical dendrite that was
chosen for the glutamate application. The position of the application pipette is schematically indicated on the left. The numbered, dashed lines indicate the regions
of interest in which the sodium transients were measured using CoroNa. Right: Dendritic Na* transients induced by glutamate applications (10, 5 or 3 ms). The Na*
transient is largest in the dendritic region closest to the application pipette (region 1). Lower left: Corresponding currents (10, 5, 3 ms), recorded in the whole-cell

voltage-clamp configuration at the cell soma.

applications of only 3 ms, dendritic AF/F values in the region of
maximal response reached about 30%. If one assumed similar
calibration properties of CoroNa for confocal and conventional
imaging, this corresponded to a glutamate-induced [Na*];
increase of about 17 mM in the dendrite.

Taken together, these results demonstrate that CoroNa is
well suited for detection of local [Na't]; transients that occur
in dendritic domains near the site of activation of glutamate
receptors.

4. Discussion

In this study, we compare the properties of CoroNa Green, a
newly developed non-ratiometric sodium indicator, excited by
green light of about 490 nm, with those of SBFI, which is a well-
established ratiometric indicator excitable in the UV-range. Our
comparison is based on experiments in CA1 pyramidal cells in
acute slices of the mouse hippocampus performed with conven-
tional epifluorescence wide-field microscopy. In addition, we
tested CoroNa for its suitability for confocal imaging of [Na*];
transients in dendrites using a confocal laser scanning micro-
scope and excitation at 488 nm.

4.1. Basic properties of CoroNa as compared to SBFI

As established by many earlier studies (e.g. Jaffe et al., 1992;
Rose et al., 1999; Rose and Ransom, 1996; Kndpfel et al., 1998;
Chatton et al., 2000; Diarra et al., 2001), SBFI proved to be well
suited for both passive AM-ester loading and for loading of
single cells with a patch-pipette. In contrast, application of the
AM-ester of CoroNa did not result in stable intracellular dye

concentrations. Even loading of the presumably membrane-
impermeable form of the dye into cells through a patch-pipette
was followed by significant dye loss when the dye-containing
pipette was removed from the cell. Significant decrease in
fluorescence emission following intracellular injection of
CoroNa was also observed in a recent study by Nikolaeva et al.
(2005). Our study shows, however, that permanent dye delivery
through a patch-pipette yields a constant basal fluorescence
emission and dye concentration, respectively. Apparently,
the molecular structure of CoroNa, comprising a fluorescein
molecule linked to a crown ether, does not confer sufficient
membrane impermeability to effectively trap the dye inside the
cell. We conclude that quantitative determination of the Na*t
concentration using CoroNa, which requires stable intracellular
dye concentrations, requires permanent dye delivery in the
whole-cell patch-clamp mode or constant dye injection through
an intracellular microelectrode.

Our calibration studies revealed a Kq of SBFI of 21.8 mM,
which is close to Ky values reported earlier (e.g. Donoso et
al., 1992; Rose et al., 1999; Rose and Ransom, 1996; Diarra et
al., 2001), whereas the Ky of CoroNa was considerably higher.
Kq4 values determined for Sodium Green are in the range of
21-30 mM (Despa et al., 2000, Invitrogen). Thus, CoroNa might
be better suited than both SBFI and Sodium Green to accurately
resolve very large Na* transients or Na* changes at high back-
ground Na* concentration.

The calibrations demonstrated that both SBFI and CoroNa
reliably report [Na*]; changes and are suited for the measure-
ment of [Na*]; alterations that are expected to occur during phys-
iological conditions. However, both calibration experiments and
local AMPA applications showed that CoroNa exhibits signif-
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icantly smaller changes in the fluorescence emission (AF/F)
with changes in [Na*]; between 0 and about 50 mM [Na‘];
than SBFI.

The molecular weight of CoroNa is roughly half that of
SBFI (586 g/mol versus 907 g/mol), probably resulting in a faster
intracellular diffusion. However, CoroNa and SBFI, despite their
difference in molecular weight and Ky values, reported similar
amplitudes and kinetics for AMPA-induced [Na*]; signals. A
likely reason for this observation is that the dye concentration
(0.5 mM) was small as compared to the baseline [Na*]; (presum-
ably 4 mM; intracellular pipette solution). Therefore, neither dye
apparently distorted the [Na*]; signals significantly due to their
buffering of Na*.

Taken together, we conclude that the use of SBFI is
clearly advantageous when performing experiments with con-
ventional epifluorescence systems. First, only SBFI is suitable
for AM-ester loading and single intracellular dye injection.
Second, SBFI allows ratiometric imaging, which renders mea-
surements independent of the dye concentration. Finally, SBFIs
smaller Ky and larger AF/F values below 50 mM Na* result in
a better resolution of small [Na*]; transients within this range.
Still, CoroNa might be the dye of choice for analyzing very
large Na™ elevations such as those reported during pathological
conditions (e.g. Longuemare et al., 1999).

4.2. Confocal Na* imaging with CoroNa and fields of
application

High-resolution [Na*]; measurements in small cellular com-
partments in the intact, light-scattering tissue can be performed
using two-photon imaging with SBFI (Rose et al., 1999; Rose
and Konnerth, 2001). Although two-photon imaging is a tech-
nique that is more and more widely used, it is still a quite
expensive and complex method not available to many laborato-
ries. The present study shows that, in contrast to SBFI, CoroNa
is suited for high-resolution confocal microscopy in dendrites
in the intact tissue when combined with whole-cell patch-clamp
recordings. Therefore, it represents an alternative to two-photon
imaging for [Na*]; measurements. Our confocal [Na*]; mea-
surements revealed that significant [Na*]; accumulations occur
in fine dendrites following local iontophoresis of glutamate, sim-
ilar to the large [Na*]; transients reported following synaptic
stimulation (Rose and Konnerth, 2001).

Despite the apparent disadvantages of CoroNa as compared to
SBFI, confocal imaging of [Na*]; transients with CoroNa may
prove to be a useful tool in the investigation of physiological
properties of neurons and glial cells in fine cellular processes.
Open questions that can be addressed using this technique are the
consequences of activity-induced [Na*]; transients in dendrites,
spines and axons for synaptic transmission and signal propaga-
tion. Notably, Na* imaging allows to monitor excitatory synaptic
activity without directly influencing Ca**-dependent processes,
which is always a concern when Ca2*-sensitive dyes are intro-
duced into the cells (Regehr and Tank, 1992). Confocal [Nat];
imaging will also allow to study the role of Na*-dependent
pumps and transporters in neuronal and glial signaling in fine
processes and to take a detailed look on [Na*]; transients in fine

processes during pathological conditions to elucidate the mech-
anisms that cause cellular damage.
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