Distribution and Properties of
Sodium-Dependent Glial Glutamate Transporters
in the Mouse Hippocampus

INAUGURAL-DISSERTATION

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Alexandra Elisabeth Schreiner, geb. Rduch

aus Kattowitz, Polen

Dusseldorf, November 2012



Aus dem Institut fir Neurobiologie

der Heinrich-Heine Universitat Disseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der

Heinrich-Heine-Universitat Disseldorf

Referent: Prof. Dr. rer. nat. Christine Rose, Heinrich-Heine-Universitat Disseldorf

Korreferent: Prof. Dr. rer. nat. Dieter Willbold, Heinrich-Heine-Universitat Disseldorf

Tag der mindlichen Prifung:



,Der Fortgang der wissenschaftlichen Entwicklung ist im Endeffekt eine stdndige Flucht vor dem Staunen.”

ALBERT EINSTEIN (1879-1955)



Zusammenfassung

Die zentralnervése Informationsverarbeitung von allen komplexen Lebensformen ist vornehmlich
vermittelt durch den wichtigsten erregenden Neurotransmitter, Glutamat. Trotz Glutamats
Bedeutung fiir die Signallibermittlung muss seine (bermaRige extrazelluldre Akkumulation
verhindert werden um Prazision und hohe Auflésung neuronaler Kommunikation zu ermdoglichen.
Folglich muss seine Wirkung rdumlich und zeitlich begrenzt werden, was durch hoch-affine
Transporter (EAAT) bewerkstelligt wird. Von diesen sind die Astrozyten-spezifischen Typen GLAST
und GLT-1 die haufigsten und maRgeblichsten fiir die Glutamat Wiederaufnahme. Die einwarts
gerichtete Translokation von Glutamat wahrend eines Transportzyklus wird getrieben durch den
Einstrom von Na® entlang seines elektrochemischen Gradienten. Folglich ist der Transport
entscheidend abhingig von [Na‘] und beeinflusst umgekehrt durch seine Aktivitit die Na'-
Signallibertragung und -Homoostase. Storung oder Ausfall der Wiederaufnahme haben daher
gravierende Folgen fiir Signallibertragung und lonen Homdostase des Gehirns.

Die vorliegende Studie untersucht die Reifung und Beeintrachtigung astrozytarer EAATs wahrend
der postnatalen Entwicklung bzw. wahrend Schadigung des Maus Hippokampus. Um das
Expressionsprofil von GLAST und GLT-1 darzustellen wurden Immunhistochemie und -blot verwandt.
Quantitative Fluoreszenzmessungen mit dem Na'-sensitiven Farbstoff SBFI lieferten funktionelle
Daten durch die Visualisierung von EAAT-induzierten intrazelluliren Na’-Signalen. Unsere Studie
konnte zeigen, dass das zeitliche, raumliche und zellulare Expressionsprofil von GLAST und GLT-1 sich
stark unterscheidet, wahrend der postnatalen Phase wie auch nach Schadigung. Hochregulation von
GLAST folgt entwicklungsbedingtem und pathologischem GFAP Anstieg, dem primaren
Intermediarfilament in ausgereiften Astrozyten. GLT-1 hingegen, v.a. die monomere Form, steigt
erheblich wahrend der Phase synaptische Reifung an, wahrend seine Expression wesentlich durch
Deafferenzierung vermindert wird. Zusatzlich zu der engen Interaktion von GLT-1 mit Synapsen
konnten wir auch zum ersten Mal zeigen, dass deutliche GLT-1 Cluster an perivaskularen Strukturen
zu finden sind und deren Aktivierung betrichtliche [Na']; Erhdhungen auslést. SchlieRlich konnten wir
ebenfalls konstatieren, dass Schadigungs-induzierte Dysfunktion der Glutamat Wiederaufnahme bei
verschiedenen Teilgruppen von reaktiven Astrozyten nicht uniform ausgepragt ist.

Zusammengenommen weisen diese Ergebnisse darauf hin, dass GLAST und GLT-1 unabhangigen
Regulationsmechanismen unterworfen sind, sowohl wahrend der postnatalen Entwicklung wie auch
in Folge schwerer Gehirn Schadigung. Astrozytdre EAATs weisen also Heterogenitat beziiglich des
Subtypen, die raumliche Verteilung, der Multimer-Zusammensetzung und des Zelltypen in dem sie
exprimiert werden. All diese Aspekte sind relevant bei der Prifung des therapeutischen Potentials

von astroglialen EAATSs.



Abstract

Information processing in the central nervous system of all complex living organisms is primarily
mediated by the major excitatory neurotransmitter, glutamate. While glutamate is fundamental for
signal transduction, its excessive extracellular accumulation has to be prevented to assure precision
and high resolution of neuronal communication. From this it follows that its action has to be spatially
and temporally restricted, which is accomplished by high-affinity transporters (EAAT). Of these, the
astrocyte-specific types GLAST and GLT-1 are most abundant and particularly responsible for
glutamate re-uptake. During a transport cycle, inward-directed translocation of one glutamate is
driven by the influx of Na* along its electrochemical gradient. Transport is hence critically dependent
on [Na’], and does, vice versa, influence Na' signaling and homeostasis by its activity. Thus,
impairment or failure of this removal system thus has a devastating effect on signal transduction and
ion homeostasis of the brain.

Present study aims to investigate the establishment and impairment of the astrocytic EAATs
during postnatal development and injury, respectively, of the murine hippocampus. To portray the
expression profile of GLAST and GLT-1 immunohistochemistry and immunoblotting was employed.
Quantitative fluorescence imaging with the Na'-sensitive dye SBFI provided functional data by
visualization of EAAT-evoked intracellular Na*-signals. Our study revealed that the temporal, spatial
and cellular expression profile of GLAST and GLT-1 differs considerably during the postnatal period
and following injury. GLAST up-regulation parallels developmental and pathological increase in GFAP,
the principle intermediate filament in mature astrocytes. On the contrary, GLT-1, in particular the
monomeric form, increases most profoundly during the phase of synapse maturation, while its
expression declines significantly upon deafferentiation. Besides the close interaction of GLT-1 with
synaptic sites we also showed for the first time that prominent GLT-1 cluster are found at
perivascular sites and that activation of those evokes substantial [Na']; elevations. Finally, we also
establish that injury-mediated dysfunction of the glutamate re-uptake system is non-uniform among
defined subsets of reactive astrocytes.

Taken together, these results indicate that GLAST and GLT-1 are subject to independent regulatory
mechanisms, both during postnatal development and following severe brain injury. Astrocytic EAATs
thus feature heterogeneity by means of subtype, spatial distribution, multimer composition and the
cell type they are expressed in. All these aspects have to be taken under consideration when probing

the potential of astroglial EAATs as therapeutic targets.
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Introduction and Résumé

“What is the function of glial cells in neural centers? The answer is still not known, and the problem is even
more serious because it may remain unsolved for many years to come until physiologists find direct methods to
attack it.”

SANTIAGO RAMON Y CAJAL (1852-1934)

In the past years the neuro-centric view has been challenged by numerous studies which
diligently demonstrated the critical participation of astrocytes to brain function (Barres, 2008).
Nowadays, astrocytes are thought to represent a specialized cell type with a plethora of complex
functions based primary on the close interaction with other cell types of the nervous system. It has
been discovered that astrocytes can communicate with neurons and modify the signals they send or
receive, thus being fundamentally involved in information processing of the brain. Astrocytes exert
the most significant influence on synaptic transmission by taking up released neurotransmitters, in

particular glutamate.

In the following paragraphs the questions will be addressed why control of external glutamate
levels is crucial for brain function, how glutamate removal is accomplished by astrocytes and which
physiological consequences arise from from this process. Understanding the relevance of glutamate
re-upake in the mature brain is a prerequisite to approach its establishment during development and

its role in disease.

1. Glutamate in the Central Nervous System

The amino acid L-glutamate (Glu) serves as brain metabolite (e.g. as an essential substrate for
glutamine synthesis; Needergard et al., 2002) and, particularly of importance, as major excitatory
neurotransmitter of the mature central nervous system (CNS; Danbolt, 2001). During the embryonic
stages and the first two postnatal weeks, network excitation is mainly generated by y-aminobutyric
acid (GABA), the main inhibitory transmitter in the adult brain. This is due to transiently high
intracellular chloride concentrations in the neonatal neurons, which remain elevated until the
chloride-extruding system becomes operative, and the subsequent maturation of glutamatergic
synapses (Ben-Ari, 2001 & 2002). Just after this period, as the number of functional glutamatergic
synapses profoundly increases in the course of late postnatal development, glutamate-mediated
transmission becomes the principle source of excitation (Li & Sheng, 2003; Dumas, 2005; Ben-Ari,

2001 & 2002).
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For adult animals, microdialysis studies in vivo determined extracellular glutamate concentrations,
[Glu]ex, in the range of 1-4 uM (Lerma et al., 1986; Baker et al., 2002; Nyitrai et al., 2006). These
values were questioned by a more recent electrophysiological study employing acute hippocampal
slices. From this experimental data, a [Glu]., of 25 nM was calculated, thus a 100-fold smaller value
(Herman & Jahr, 2007). Although determined in situ, this smaller ambient glutamate concentration
seems to be physiologically more reasonable, because a [Glu],, in the millimolar range would lead to
tonic activation of NMDARs (N-Methyl-D-aspartic acid receptor), desensitivation of AMPARs (a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor) and would argue against the well-
established idea of high-affinity glutamate uptake (Danbolt, 2001; Tzingounis & Wadiche, 2007;
Eulenburg & Gomeza, 2010). Locally, the extracellular glutamate concentration can even reach peak
amplitudes of about 170 uM and of even 1 mM in the synaptic cleft of immature and functional
glutamatergic synapses, respectively, following synaptic activation (Clements et al., 1992; Choi et al.,
2000).

Under pathophysiological conditions global glutamate levels are elevated in the extracellular
space (e.g. up to 30-fold in the epileptogenic brain; Cavus et al., 2005), either caused by excessive
glutamate release, impaired transmitter uptake or both (Abele, et al., 1990; Rothstein et al., 1996;
Schousboe & Waagepetersen, 2005). The resulting overstimulation of glutamate receptors by its
agonist then leads to an increase in intracellular calcium concentration ([Ca®'];) that can induce cell
damage or trigger even apoptotic cascades, a process called excitotoxicity (Ankarcrona et al., 1995;
Lau & Tymianski, 2010). Hence, tight control of the ambient glutamate levels is crucial for proper

information transfer in the central nervous system.

2. The Glutamatergic Synapse

Glutamatergic transmission is of particular importance in the hippocampus, the brain structure
considered to consolidate information from short-term memory to long-term memory and to process
spatial positioning (e.g. Eichenbaum, 2000). The hippocampus, comprising the hippocampus proper
and the dentate gyrus (DG), is situated, bilateral symmetric, in the medial temporal lobe of each
brain hemisphere (Fig. 1A; for detailed anatomical review see Van Strien, 2009). Based on the
principle synaptic connections, the hippocampus, together with the subicular complex (SUB) and the
entorhinal cortex (EC), composes the hippocampal formation.

The cell bodies of the principle excitatory neurons are organized in two distinct layers, the
stratum pyramidale (StrP) of the cornu ammonis (CA) and the stratum granulosum (StrG) of the
dentate gyrus. Thereby, based on their stereotypical morphology, two types of glutamatergic
neurons can be distinguished. Pyramidal neurons, characterized by a pyramidal-shaped soma and

two distinct dendritic trees, are localized in the CA region, which is subdivided into CA1-4 (Fig. 1C;
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Spruston et al., 2008). The shorter basal dendrite is found in the stratum oriens (StrO), while the
apical dendrite spans the strata radiatum (StrR) and lacunosum-moleculare (StrLM). The dentate

granule cells, in contrast, can be found in the stratum granulosum and identified by their small

(A) hippocampal anatomy
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Fig. 1. Glutamatergic synapses in the hippocampus. (A) The hippocampal formation consists of the entorhinal cortex (MEA and LEA), the
subicular complex (PaS, PrS and S) and the hippocampus. (B) Neuronal excitation in the hippocampus is glutamatergic, organized as so-
called tri-synaptic circuitry. (C) A typical CA1 pyramidal cell extends an apical, elongated dendrite, directed towards the strata radiatum
and lacunosum-moleculare. The short dendrite is situated in the stratum oriens. Axons from CA3 pyramidal cells, termed Schaffer
collaterals, project onto CA1 pyramidal neurons via classical glutamatergic transmission as presented in (D). Activation of a CAl
pyramidal cell leads to glutamate release via exocytosis at presynaptic sides and subsequent to postsynaptic activation of glutamatergic
receptors. For a more detailed description the reader is kindly referred to the text.

(A) & (C) The Roman numerals indicate cortical layers. CA, cornu ammonis; DG, dentate gyrus; exp, exposed DG blade; encl, enclosed DG
blade; ml, stratum moleculare; gl, stratum granulosum; ml, stratum moleculare; slm, stratum lacunosum-moleculare; rad, stratum
radiatum; luc, stratum lucidum; pyr, stratum pyramidale; or, stratum oriens; PasS, para-subiculum; PrS, pre-subiculum; Sub, subiculum;
MEA, medial entorhinal cortex; LEA, lateral entorhinal cortex; Prox, proximal; Dist, distal; (B) MF, mossy fibers; PP, perforant path; SC,
Schaffer collaterals; SR, stratum radiatum; (D) AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR, N-
methyl-D-aspartate receptor; KAR, kainate receptor.

(A) modified from Van Strien, 2009; (B) courtesy of Silke Honsek; (C) modified from Spruston et al., 2008, (D) from Gécz, 2010
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elliptical soma and their cone-shaped tree of apical dendrites directed towards the stratum
moleculare (StrM; Amaral et al., 2007).

The hippocampus receives and integrates neuronal input via the trisynaptic circuitry, as described
in the following (see e.g. Neves et al., 2008). Initially, axons from the entorhinal cortex project onto
dentate granule cells via the perforant path. The axons of these granule cells, in turn, contact
pyramidal cells in the CA3 region. Finally, Schaffer collaterals, these are the axons of CA3 pyramidal
neurons, form synaptic contacts with the apical dendrites of CA1 pyramidal neurons, whose axons
project back to the entorhinal cortex. The synaptic transmission between these different cell types in

this tri-synaptic loop is solely glutamatergic (Fig. 1B).

A functional glutamatergic synapse is composed of a presynaptic axonal site where glutamate is
released via exocytosis and a postsynaptic terminal equipped with ionotropic and metabotropic
glutamate receptors (iGIuR and mGIluR, respectively), both separated by the synaptic cleft (see Fig.
1D). Briefly, action potential propagation results in calcium influx at the presynaptic site leading to
membrane-fusion and release of glutamate-filled vesicles. Released glutamate is then bound
postsynaptically by AMPARs or NMDARs, causing neuronal downstream activation (Meldrum, 2000;
Lisman et al., 2007).

Upon its release into the extracellular space, glutamate is furthermore efficiently removed by
high-affinity, Na*-dependent glutamate transporters, which are located at neuronal and glial plasma
membranes (Danbolt et al., 2001). This rapid uptake mechanism is essential to re-establish low basal
[Gluley, since glutamate is not enzymatically degraded in the synaptic cleft. Missing or insufficient
glutamate clearance would otherwise result in extra-synaptic spillover due to neurotransmitter
diffusion and tonic overstimulation of glutamate receptors (Voutsinos-Porche et al., 2003;
Matsugami et al., 2006).

As neurons are incapable of de novo synthesis of glutamate from glucose due to the lack of
pyruvate carboxylase and as neuronal re-uptake of glutamate is negligible, glutamatergic
neurotransmission also ultimately requires a mechanism that replenishes the pool of releasable
glutamate at synaptic terminals (Schousboe et al., 1997). Based on a widely accepted concept, this
problem is approached by action of astrocytes. These provide adequate substrate to replenish
neuronal glutamate by a cellular compartmentalized sequence of events termed glutamate-
glutamine cycle (Daikhin & Yudkoff, 2000; Hertz & Zielke, 2004). In brief, astrocytes take up ambient
glutamate by aforementioned glutamate transporters, convert it into non-excitable glutamine via
glutamine synthetase (GS) and re-deliver glutamine to neurons, where it can be metabolized into

glutamate. Glutamine production by astrocytes, which serves not only glutamate but also GABA
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synthesis, is inevitably linked to the ammonia homeostasis: each glutamate or GABA cycled brings
about the production of one ammonia molecule by GS (Daikhin & Yudkoff, 2000; Bak et al., 2006).
Glutamate transporter-mediated uptake into astrocytes not only maximizes the synaptic signal-to-
noise ratio and prevents excitotoxic injury upon postsynaptic receptor binding, but also provides, as
initial step of the glutamate-glutamine cycle, sufficient substrate supply for neuronal glutamate and
GABA synthesis. Failure of glutamate removal by astrocytic transporters has therefore tremendous
consequences for proper brain function, leading to impaired synaptic function and in some severe

cases even to neuronal death due to glutamates’ neurotoxic properties (Camacho & Massieu, 2006).

3. Glutamate Transporter

Glutamate transporters, also known as EAATs (excitatory amino-acid transporters), belong to the
group of secondary active transporters (SLC; solute carrier family). Five glutamate transporter were
identified: GLAST (glutamate-aspartate transporter; rodent homologue of EAAT1), GLT-1 (glutamate
transporter 1; rodent homologue of EAAT2), EAAC1 (excitatory amino-acid carrier 1; rodent
homologue of EAAT3), EAAT4 and EAATS (Storck et al., 1992; Pines et al., 1992; Kanai & Hediger,
1992; Arriza et al., 1994; Fairman et al., 1995). The removal of glutamate from the extracellular space
is primarily accomplished by the action of the astrocyte glutamate transporters GLAST and GLT-1
(Rothstein et al., 1996; Matsugami et al., 2006).

Among them GLT-1 (EAAT2) is the most abundant and predominantly expressed transporter in
the fully-developed forebrain (Tanaka et al., 1997; Furuta et al., 1997). Glial glutamate uptake leads
to a fast decline in the extracellular glutamate concentration, shapes the time course of synaptic
conductance, contributes to the input specificity of glutamatergic synapses, and prevents
excitotoxicity (Danbolt, 2001; Anderson & Swanson, 2000; Tzingounis & Wadiche, 2007). The uptake
has therefore the effect of re-establishing and maintaining low ambient glutamate levels in phases
after neuronal activity to assure an appropriate signal-to-noise ratio and also to modulate time
course and specificity of synaptic information processing during neuronal activity (Anderson &
Swanson, 2000; Tzingounis & Wadiche, 2007).

Protein structure studies along with theoretical considerations lead to the development of a
multi-step transport model that will be described in the following (Seal & Amara, 1998; Grunewald &
Kanner, 2000; Yernool et al., 2004; Reyes et al.,, 2009). Glutamate uptake is a secondary-active
process harnessing the electrochemical gradient of sodium, which is maintained by the Na'/K'-
ATPase, to energize the transport cycle. Substrate binding is likewise sodium-dependent (Boudker et
al., 2007), which implies that the driving force of the transporter is highly sensitive to fluctuations in
adenosine triphosphate (ATP) levels and changes in the sodium concentration (Madl & Burgesser,

1993; Longuemare et al., 1999). In its non-operative state the transporter orientation is directed
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(A) model of the transport cycle
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Fig. 2. Astrocytic glutamate transporters. (A) Binding of sodium and glutamate leads to the structural shift of EAATs from outward-
facing to inward-facing conformation. The re-establishing of the initial, non-operating state necessitates potassium binding. The
translocation of the glutamate binding site across the membrane is accomplished by the operation of two molecular gates (HP2 and
HP1, respectively). (B) During one complete transport cycle of EAATs 1 glutamate (Glu), 3 Na* and 1 H" enter the cell, while 1 K" is
exported. (C) GLT-1 possesses eight transmembrane a-helices (1-8), two hairpin loops (HP1 and HP2) and a linker domain. Both, C- and
N-terminal are inward-facing. For a detailed description see text.

(B) & (C) Ext, extracellular; Int, intracellular;

(A) top: scheme modified from Reyes et al., 2009, bottom: surface representation taken from Jiang & Amara, 2011

towards the extracellular space with accessible binding sites for Na" and glutamate, in consequence
of the open state of the extracellular gate (HP2; for a transporter topology see Fig. 2C). Both, binding
of Na" and glutamate, initiate the change from outward facing to inward facing conformation as first
step of the transport cycle (Fig. 2A; step 1 to 2). It is thought that this conformational transformation
is coupled to the closure of the extracellular gate (HP2) in addition to the primarily closed
intracellular gate (HP1; Reyes et al, 2009; cf. Fig. 2A; non-operative state and step 1). Once
transported Na® ions and the substrate have unbound in the inward-facing orientation, the
intracellular gate (HP1) opens and the K binding site becomes accessible. Intracellular K" occupying

+

its binding site then allows re-location of the glutamate transporter to the outside (Fig. 2A; step 3). K
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un-binding in the outward-facing orientation finally re-establishes the initial state of the glutamate
transporter. Although it is also established that glutamate inward-transport is coupled to net-influx
of one proton, it still remains a matter of debate where and at which time point H* binds and un-
binds in the sequence of substrate binding, translocation and terminal relocation (Anderson &
Swanson, 2000; Grewer & Rauen, 2005; Tzingounis & Wadiche, 2007).

Genetic studies showed that substitution of one amino acid (glutamate > glutamine; position 373)
in the putative protonation site of the neuronal glutamate transporter EAAC1 does not hinder
glutamate translocation but renders the mutant transporter insensitive to changes in extracellular pH
(Pines et al., 1995; Grewer et al., 2003). This indicates that H* binding might facilitate glutamate
uptake, particularly at sites of synaptic release. Finally, several reports demonstrated that the
substrate binding to the glutamate transporter is associated, bu not thermodynamically-coupled,
with an anion flux (Wadiche et al., 1995; Melzer et al., 2003; Grewer & Rauen, 2005). The observed
Cl’-current is however only significant for the neuronal glutamate transporters (EAAT3-5), considered
to play a role in the control of neuronal excitability.

Briefly summarized, a complete transport cycle comprises the movement of 1 Glu, 3 Na*and 1 H*
into the cell, along with 1 counter-transported K'. Hence, according its stoichiometry, glutamate
transport is electrogenic (Anderson & Swanson, 2000; Danbolt, 2001): two net positive charges are

moved into the cell for each completed transport cycle (Fig. 2B).

The efficiency of glutamate uptake is defined by a multitude of regulatory mechanisms which will
be described in the following. These allow rapid adaptation to changed environmental conditions as
they for instance occur during development or injury.

Studies in the last years indicated that multiple regulatory mechanisms can change glutamate
transporter dynamics either on a short- or on a long-term scale. First of all, on transcriptional level,
up-regulation of mRNA levels can be accomplished by de-methylation of DNA, which can for instance
be induced by neuronal stimulation (Yang et al, 2010). Translational regulation, i.e. control of protein
levels synthetized from its mRNA, was shown for GLT-1 in vitro and in vivo (Tian et al., 2007). Among
the substances tested, glutamate inhibited translation, whereas B-lactam antibiotics (e.g. penicillin)
stimulated translation of GLT-1 transcript, which reinforced and advanced earlier findings reporting
downstream up-regulation of GLT-1 protein levels (Rothstein et al., 2005). Moreover, post-
translational modification mechanisms were reported: phosphorylation and glycosylation were both
shown to change glutamate transporter protein content and trafficking (Casado et al., 1993; Conradt
& Stoffel, 1997; Escartin et al., 2006; Bauer et al., 2010).

Findings of the last years showed that astrocytic glutamate transporters are substantially

subjected to alternative splicing (Peacey et al., 2009; Lee & Pow, 2010), which might permit
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regulation of glutamate removal on a complex operation level, thereby expanding the response and
action pattern of astrocytes. For GLAST, up to now, three splice variants were described: GLAST1a,
GLAST1b and GLAST1c. The former variant is expressed by cells of the astroglial lineage like Miiller
cells and astrocytes (Macnab et al., 2006), while GLAST1b is expressed by a small subset of neurons
under physiological conditions (Macnab & Pow, 2007). As GLAST1b protein levels were nominal in
the healthy brain and substantially up-regulated after brain injury, it was assumed that expression is
generally restricted to aberrant, damaged neurons (Sullivan et al., 2007). A novel splice variant,
termed GLAST1c, was discovered just recently by Lee and coworkers (2012) in astroglia and
oligodendrocytes. At least for GLAST1a and GLAST1b it was shown by D-aspartate uptake assays that
they represent functional transporter variants (Lee et al., 2011). It might be reasonably assumed,
that these molecular distinct transporter proteins also differ in features such as topology, which in
turn might have an effect on transport function. It was for instance predicted that, based on clipping
of exon 3, orientation of the GLAST1a C-terminal in the cell membrane is flipped, which then would
reverse glutamate transport (Huggett et al., 2000).

Studies likewise showed the existence of different GLT-1 splice products, referred to as GLT-1a,
GLT-1b and GLT-1c, which all feature distinct C-terminal domains (Holmseth et al., 2009; Peacey et
al., 2009; Lee & Pow, 2010). Of these, GLT-1a represents the canonical, i.e. prevalent and initially
characterized form of GLT-1 (90% of total GLT-1 protein), whereas GLT-1b and GLT-1c only account
for 6% and 1% of total GLT-1 protein in hippocampus, respectively (Holmseth et al., 2009). So far, all
three isoforms were exclusively found in astroglial cells (Rauen et al., 2004; Holmseth et al., 2009).
Functional comparison of those isoforms with variable C-terminal domains revealed that they exhibit
no apparent differences in glutamate uptake capacity (Peacey et al., 2009). Two N-terminal splice
variants were also detected: GLT1A and GLT1B (Utsunomiya-Tate et al., 1997; Peacey et al., 2009).
Similarly to the C-terminal isoforms, transport activity of both was comparable, albeit considerably
enhanced when GLT1A and GLT1B were expressed together (Utsunomiya-Tate et al., 1997). These
findings point to a mechanism based on isoform interaction that might modify transport according to
environmental conditions. Hitherto no information is available on the cellular distribution of these N-
terminal isoforms. Although additional N-terminal and numerous internal splice variants have been
identified, they are considered dispensable as expression levels are negligible or translated
transporter proteins are not functional (Peacey et al., 2009; Lee & Pow, 2010; Scott et al., 2011).
Although the function and significance of glutamate transporter splice variants compared to its full-
length, canonical protein is still incompletely understood, there is growing evidence that individual
isoforms fulfill exceptional tasks. GLAST1b for instance was found to act as negative regulator of

GLAST-mediated glutamate uptake (Vallejo-lllarramendi et al., 2005) and presence of GLT-1b was
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shown to be indispensable for binding and interaction of GLT-la with postsynaptic proteins
(Gonzalez-Gonzalez et al., 2009).

Translation of a certain set of transporter isoforms is not the only mechanism allowing dynamic
and diverse regulation of glutamate uptake at cellular membranes. Current data strongly supports
the idea that glutamate transporters build structural multimers, i.e. that within one complex each
transporter protein subunit has the intrinsic capability of transporting its substrate (Leary et al.,
2007; Yernool et al., 2003 & 2004; Koch & Larsson, 2005; Grewer et al., 2005b). Although monomers
are capable of independent operation within multimeric assemblies, complex formation may
enhance binding and transport rate, respectively (Haugeto et al., 1996). These complexes can be
composed of different isoform types, but heteromultimers consisting of different glutamate
transporter subtypes like GLAST and GLT appear not to exist (Haugeto et al., 1996; Peacey et al.,
2009). Based on freeze-fracture electron microscopy data glutamate transporter assemblies were
first assumed to possess a pentameric structure (Eskandari et al.,, 2000), but molecular and
biophysiological findings since then rather indicate a prevalent trimeric structure (Gendreau et al.,
2004; Yernool et al., 2003 & 2004; Grewer et al., 2005; Koch & Larsson, 2005). Based on this idea of
multimeric transporter complexes it was suggested by Yernool and coworkers (2004) that the bowl-
shaped transporter assembly may form an extracellular agueous basin, which determines substrate
access and thus glutamate uptake efficiency.

Finally, the efficiency of extracellular glutamate removal by EAATs is also governed by general
biosynthesis rate and cellular trafficking. The pool of available glutamate transporters can be
replenished at sites of demand by rapid de novo synthesis or by translocation of already synthetized
protein. In this respect studies of the last years focused on glutamate transporter mobility,
particularly on protein trafficking to or at the plasma membrane, which is processed on a timescale
of minutes to hours (in vitro: Poitry-Yamate et al., 2002; Zhou & Sutherland, 2004; Nakagawa et al.,
2008; in situ: Benediktsson et al., 2012). These investigations revealed that EAATs undergo extensive
cellular reorganization which manifests itself as clustering of transporter proteins. Induction of such
glutamate transporter accumulations is accomplished by glutamate transporter agonists (Glu and D-
aspartate [D-Asp]) and inhibition by their antagonists (DL-threo-B-Benzyloxyaspartic acid [DL-TBOA]
and dihydrokainic acid [DHK]; Nakagawa et al., 2008). GLT-1 clustering was also triggered by a rise of
internal [Na'] and was unaffected by changes in [Ca*'];and [K']; (Nakagawa et al., 2008). This process
was not solely induced by glutamate transporter activity, as activation of protein kinase C (PKC) by
phorbol-12-myristate-13-acetate (PMA) likewise stimulated cluster formation (Zhou & Sutherland,
2004). Just recently, experimental data demonstrated that enhanced neuronal activity can increase
the number of glutamate transporter cluster (Benediktsson et al., 2012). Of outstanding interest was

here that increased neuronal activation did not lead to global, but to confined recruitment of
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glutamate transporters to perisynaptic sites. Given that cluster formation and apposition was
facilitated by enhanced neuronal activity, accomplished within minutes and repeatedly inducible, it
appears that this mechanism of glutamate transporter reorganization represents a highly dynamic
process adapting transporter position to sites, where glutamate removal is required. If and to what
extent neural activity regulates the rate of formation, movement, or turnover of GLT-1 clusters has to
be addressed by prospective investigations.

To summarize, the dynamic range of glutamate transporters action is defined by elaborated
regulatory mechanisms on multiple organization levels that have impact on overall protein content,
intrinsic transport properties, isoform composition, degree of multimerization and trafficking. New
experimental insight into this fine-tuned, complex interplay will help us understand how astrocytic
glutamate transporters adapt to and modulate glutamate-mediated information processing in the
brain. Lately it becomes more and more apparent that glutamate transporter regulation is
particularly reliant on the intimate spatial and functional interaction of neurons and astrocytes. For

this we have to take a look at the basic features of astrocytes first.

4. Astrocytes

4.1 Glia
In the CNS, astrocytes (Fig. 3), along with GFAP-eGFP ; Y
y (Fig. 3) g "' /.
.

oligodendrocytes, polydendrocytes and microglia cells are ‘ _ astrocyte
subsumed within the group of glial cells, also known as ! .
neuroglia.

Oligodendrocyte’s main assignment is to insulate
neuronal axons with lipid-rich membrane protuberances,
called myelin sheaths, which thereby speed up the
conduction of electrical impulses (Baumann & Pham-Dinh,

2001).

A newly identified glial cell type is the polydendrocyte,

. . s Fig. 3. Spatial ization of astrocytes and
also known as NG2-glia. Previously, based on their highly % patial organization of astrocytes an

neurons in the cortex. Neurons are labeled with

branched morphology, it has been erroneously assumed antibody to microtubule-associated protein 2

that polydendrocytes display a special astroglial cell type,  (MAP-2; blue), whereas astrocytes are genetically

. . labeled with enhanced green-fluorescent protein
referred to as smooth protoplasmatic astrocytes (Levine and
(eGFP; yellow). Astrocytic processes are closely

Card 1987)- However, several studies showed that associated with dendritic structures and blood

polydendrocytes differ significantly from classically defined  vessels (BV).

Image taken and modified from Nedergaard et al.,

astrocytes in terms of their lack of anatomical association 2003
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with blood vessels and gap junction coupling, their electrophysiological properties and the absence
of glutamate transporters (Bergles et al., 2000; Butt et al., 2002; Peters et al., 2004; Zhou et al.,
2006). Nowadays, it is widely accepted that polydendrocytes are progenitor cells of the
oligodendrocytic lineage, primarily generating oligodendrocytes in the developing and mature CNS
(Nishiyama et al., 2009; Bergles et al., 2010; Trotter et al., 2010). Their additional functions are still
incompletely understood, but they were found to form synapse-like contacts with neuronal axons in
different brain regions (Bergles et al., 2000; Lin et al., 2005; Kukley et al., 2007; Ziskin et al., 2007). A
subpopulation was even found to exhibit substantial voltage-gated Na* currents and respond to
synaptic input with fast AMPAR- or GABA,R-mediated currents (Jabs et al., 2005; Karadottir et al.,
2008).

In opposition to the aforementioned glial cell types, microglia cells are of mesodermal, not
neuroectodermal, origin. These highly motile cells represent the resident innate immune cells in the

brain (Kettenmann et al., 2011).

(A) Developmental prunlng (C) Motility (D) Tnpartlte synapse

Fig. 4. Morphology and dynamics of astrocytic processes. (A) Structure of perisynaptic processes from P7 (top) and P28 murine astrocyte

(bottom). (B) Dye-filled perivascular endfeet contacting a blood vessel. (C) GFP-labeled astrocytic process extending upon stimulation and

retracting thereafter. (D) Electron microscopic picture of the tripartite synapse: synapses are tightly ensheated by perisynaptic astrocytes. (E)

Structural interplay of an astrocyte perisynaptic process (ap) and a dendritic spine (ds). For more details see text.

(A) modified from Bushong et al., 2004; (B) from Hirrlinger et al.,2004 as reproduced by Reichenbach et al., 2010; (C) Peters et al, 1991 as

reproduced by Halassa et al., 2007; (D) Haber et al., 2006; (E) courtesy of Julia Langer.
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4.2 Astrocyte Morphology

Among glial cells, astrocytes are the most diverse group, since they differ in their morphology,

developmental origin, gene expression profile, physiological properties, function and response to

brain injury (Zhang & Barres, 2010). Although a number of proteins unique to the astroglial lineage

have been identified in the last years (e.g. glial fibrillary acidic protein, S100R, glutamine synthetase;

Kimelberg, 2004), none of those does unrestrictedly apply to the entire astrocytic population. To

date, AldhlL1 serves as most specific antigenic marker for astrocytes with a substantially broader

pattern of astrocyte expression than traditional astrocyte marker like GFAP (Cahoy et al., 2008; Yang

etal., 2011).

Previous and ongoing investigations intend to unequivocally circumscribe the astrocytic

population and to define subgroups upon criteria like morphology and physiology (Kimelberg, 2004;

Zhang & Barres, 2010). Based on their morphological
appearance and their location, astrocytes were initially
subdivided into fibrous and protoplasmic types (Matyash &
Kettenmann, 2010). Protoplasmic astrocytes are found in
grey matter and characterized by numerous branching
processes. Their fine distal endings envelop synapses and
cover blood vessels (Wang & Bordey, 2008). These
specialized structures are termed perisynaptic processes and
perivascular endfeet, respectively (Fig. 4A & 4B; Kacem et al.,
1998; Reichenbach et al., 2010; Petzold & Murthy, 2011). On
the contrary, fibrous (or fibrillary) astrocytes possess distinct,
directed processes with little branching. They occupy brain’s
white matter, which mostly contains myelinated axon tracts
and no neuronal somata, where they enwrap nodes of
Ranvier and blood vessels (Wang & Bordey, 2008).
Furthermore, several morphologically distinct astrocytic
subtypes have been identified in certain nervous system
structures, such as Miller cells of the retina and Bergmann
glia cells of the cerebellum (Reichenbach et al., 2010). More
recently, mitotic cells of the astrocytic lineage were found in
spatially restricted zones of the adult CNS, e.g. radial glial
cells in the hippocampus (e.g. Hartfuss et al., 2001; Alvarez-

Buylla et al., 2001). These special precursor cells share

Fig. 5.

SR-101-positive

astrocytes in the
hippocampus of a GFP-GFAP transgenic mouse.

Maximum intensity projection of a confocal z-stack
with 15 slices, each step 1 um, are presented.
Hippocampal sections obtained from a FVB/N-
Tg[GFAPGFP]14Mes/) transgenic mouse (P15),
expressing green-fluorescent protein (GFP; green)
under the GFAP promotor, were incubated with
sulforhodamine 101 (SR-101; red). At P15, the vast
majority of SR101-labeled cells is positive for the
astrocytic marker GFAP. Employing both, the
genetic and chemical approach to label astrocyte
allows the distinction of non-overlapping
astrocytic domains. White edging of both cells
accentuates their individually occupied territories.
Arrowheads indicate astrocyte endfeet contacting

blood vessels.
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antigenic and functional features with mature astrocytes, but are distinct with respect to their multi-
potent stem cell competence and their elongated, barely ramified morphology (Barres, 2003; Robel
et al., 2011).

Morphological refinement of classical, protoplasmatic astrocytes of the hippocampus proceeds
not until the third postnatal week (Fig. 4A; Freeman, 2010; Bushong et al., 2004). During this
developmental period the degree of process ramification accelerates significantly. Within the
hippocampus, mature protoplasmatic astrocytes eventually display a complex organization, with
clearly defined primary and secondary processes, from which in turn fine, ramified processes
originate (Fig. 4A and Fig. 5; see e.g. Bushong et al., 2002 & 2004). These processes cover almost all
neuronal elements within their reach and terminate preferentially either on synaptic or vascular sites
(Witcher et al., 2007; Reichenbach et al., 2010; Mathiisen et al., 2010). The fine astrocytic protrusions
were shown to be highly motile: Their morphology can change rapidly from loose association with
synaptic compartments to narrow coverage of these, sealing synaptic sites completely and thus
preventing hetero-synaptic communication (Fig. 4C-4E; Reichenbach et al., 2004; Haber et al., 2006;
Witcher et al., 2007). Pruning of astrocytic processes during postnatal development is accompanied
by a significant minimization of process overlap between individual astrocytes. Mature astrocytes
finally occupy distinct, non-overlapping domains with discrete, cellular boundaries (Fig. 5; Freeman,
2010; Bushong et al., 2004). Within the rodent hippocampus, a single astrocyte with a cell body size
of 7-9 pum in diameter then takes up a volume of 66000 — 85000 pum?® with its ramified, very fine
processes (Bushong et al., 2002; Ogata & Kosaka, 2002). Notably, these domain borders do not
represent a physical barrier between astrocytes, as fine processes of individual astrocytes are
connected to one another through gap junctions at these boundaries, building one continuous

intracellular compartment.
As we have seen, morphological refinement during postnatal development is a well described

process. The functional changes accompanying astrocyte maturation are however unadequately

understood.
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When considering the
evolutionary context, it is truly
intriguing that the number of
astrocytes in relation to the
number of neurons has increased
substantially with complexity of
the organism: the glial-neuron-
ratio in the prefrontal cortex has
risen from 0.3 in rodents to 1.7 in
humans (Sherwood et al., 2006),
the astrocyte-neuron-ratio in the
somatosensory cortex from 0.3 to
1.4 (Fig 6A; Bass et al., 1971 in
Nedergaard et al, 2003).
Phylogenetic augmentation of cell
number is paralleled by a rise in
the protoplasmic astrocyte
dimension by approximately 2.5
times and a 27-fold volume
increase  of their occupied
territories, when  comparing
rodent and human astroglia
(Oberheim et al., 2006; Oberheim

et al., 2009). Besides the cellular
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Fig. 6. Astrocyte evolution. (A) The relative ratio of astrocytes to neurons rises with
increasing brain complexity, size and cognitive abilities of a species (data gained from
cortex tissue). (B) Graphical representation based on GFAP immunostaining of mouse (left)
and human (right) cortical astrocytes. Scale bars below illustrate the sizes of human
astrocytes relative to the sizes of these cells in mice. Human cortical astrocytes are almost
threefold larger, have approximately tenfold more GFAP-positive processes, more highly-
branched processes and are more symmetrical than mouse astrocytes. (A) modified from

Nedergaard et al., 2003; (B) modified from Oberheim et al., 2006.

extension with higher brain complexity, astrocytes exhibit a more sophisticated morphology: human

astrocytes have a symmetrical shape, extend 10-fold more GFAP-positive processes, which are highly

ramified, and exhibit greater domain overlap than corresponding rodent astrocytes (Fig 6B;

Oberheim et al., 2009). Human protoplasmatic astrocytes are thus more numerous, larger and

morphologically more complex than their rodent counterparts. As a result of astrocyte evolution,

human astrocytes intimately contact about 2 million synapses compared with only 100 000 synapses

covered by the processes of a rodent astrocyte (Oberheim et al., 2006; Kettenmann & Verkhratsky,

2008). Thus, phylogenetic advance of astrocytes implies that astrocyte operation may be crucial for

higher brain function.
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4.3. Astrocyte Function

Besides their above described capacity to monitor extracellular glutamate, maintain it at low
levels, metabolize and redeliver it back to neurons glutamine, astrocytes accomplish additional
complex and vital tasks in the brain.

First of all, astrocytes do not only sense neuronal activity, but also signal back to them by release
of a wide variety of substances (Hassala et al., 2006; Parpura & Zorec, 2010). These so-called
gliotransmitters, comprising molecules like glutamate (Parpura et al., 1994), GABA (Angulo et al.,
2008), D-Serine (Oliet & Mothet, 2006) and ATP (Coco et al., 2003), are considered to support and
synchronize action of neurons (Hassala et al., 2006; Fellin et al., 2004). Moreover, some groups
proposed that gliotransmission might represent the basic mechanism to actively modulate basal
synaptic transmission. This means that alongside their passive role as maintainers of neuronal
homeostasis (Verkhratsky, 2010; Suzuki et al., 2011) they are considered to actually have control
over information processing in the brain (Perea & Araque, 2007; Halassa et al., 2007; Panatier et al.,
2011). Recent reports even indicate a dependency of long-term potentiation and depression (LTP and
LTD, respectively) on astrocytic action (Yang et al., 2003; Henneberger et al., 2010; Navarrete et al.,
2012; Chen et al., 2012). Further discoveries substantiating and evolving this idea may have vital
implications for the concept of synaptic plasticity, i.e. the cellular and molecular process that
underlies learning and memory formation (Gibbs et al., 2008).

As mentioned before, a special feature of astrocytes is their organization into a continuous
network, interconnected through gap junctions (Volterra & Meldolesi, 2005; Giaume et al., 2010).
This syncytium mediates electrical coupling and, in addition to ions, exchange of small molecules of
less than 1.2 kDa (Bennett et al., 2003; Chew et al., 2010), such as glutamate and glucose (Hansson et
al., 2000; Dienel & Cruz, 2003). Since gap junction channels are in an open state under physiological
conditions, the syncytium thus defines one unified cellular compartment facilitating continuous inter-
cellular passage of messengers and metabolites (Chew et al., 2010). These gap junctions channels are
composed of connexin (Cx) subtypes Cx43, Cx30 and Cx26 in astrocytes (Scemes et al, 2009). In
accordance with astrocyte heterogeneity, diversity of connexin expression is present on the
molecular, subcellular and cellular level: (1) among the subtypes is Cx43 most abundantly expressed
in the hippocampus (Giaume & McCarthy, 1996; Chew et al., 2010), (2) Cx30 and Cx43 are
particularly enriched on perivascular endfeet (Rouach et al., 2008; Ezan et al., 2012) and (3) radial
glial cells are only coupled to few neighbouring cells in the mature dentate gyrus (Kunze et al., 2009).
Generally, establishment of astrocyte interconnection is initiated in the neonate rodent with
considerable variability in extend of individual astrocytic coupling observable during postnatal

development, until all astrocytes are ultimately coupled in the adult (Schools et al., 2006)
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Considering the close interaction of individual astrocytes with a countless number of neurons, one
may speculate that the astroglial coupling facilitates alternative, sophisticated signaling pathways.
Assuming this, astrocyte syncytia may serve as integration networks of neuronal signal transmission,
which would add another complexity level to brain information processing.

Besides astrocytes’ impact on synapse function, facilitated by the spatial proximity of synaptic
compartments and perisynaptic terminals, they also represent an integral part of the blood-brain-
barrier (BBB) by their specialized perivascular processes ensheating blood vessels (Fig. 5B; Abbott et
al, 2006; Mathiisen et al., 2010; Petzold & Murthy, 2011). Together with endothelial cells, pericytes
and vascular smooth muscle cells (VSMC), astrocytes form a functional unit, that provides physical
delimitation and control over exchange of substances from blood to brain and vice versa (Petzold &
Murthy, 2011).

Hence uniquely positioned between neuronal and vascular sites, astrocytes were found to
facilitate adaptation of blood flow to neuronal metabolic demand, a process termed neurovascular
coupling (see e.g. Filosa & Blanco, 2007; Koehler et al, 2009; Carmignoto & Gomez-Gonzalo, 2010). It
has been known for a long time that neuronal activation is associated with an increase in cerebral
blood flow, an observation that was utilized by the functional magnetic resonance imaging technique
(fMRI) for over two decades now (Ogawa & Lee, 1990; Figley & Stroman, 2011; Yang et al., 2008). The
cellular basis though remained elusive, as it was unpropable that neurons directly mediate
vasodilatation and vasoconstriction: Neuronal elements are only rarely found in spatial proximity to
VSMCs or pericytes. Vasoactive agents derived from these distant neuronal sites can hardly account
for the rapid change of blood flow upon neuronal activity (Zhang et al., 2005; Tsai et al, 2009;
McCaslin et al., 2011). It was not until 2002 that experimental data provided evidence for a direct
functional relationship between Ca**-mediated astrocyte activation and diameter change of nearby
arterioles (Zonta et al., 2002). This modulation of the cerebrovasculature by astrocytes meets not
only brains energy requirements but also its oxygen demand (Gordon et al., 2008 & 2011). Further
reports also supported the idea that astrocytes, being positioned in the center of the neurovascular
unit, couple neuronal activity and local cerebral blood flow to meet neuronal metabolic requirements
(Tanako et al., 2006; Petzold et al., 2008; Girouard et al., 2010). In this context one relevant theory
has been established over the last years: The astrocyte—neuron lactate shuttle hypothesis (ANLS;
Pellerin et al. 2007; Brown & Ransom, 2007; Pellerin & Magistretti, 2012). This concept attempts to
elucidate how neuronal energy demand is met by adequate metabolic supply generated by astrocytic
glucose metabolism.

Central to this model was the initial finding that glutamate inward transport by EAATSs triggers
glucose uptake into astrocytes (Pellerin & Magistretti, 1994). The underlying signaling cascade was

found to be initiated by the glutamate transporter-associated Na® influx. The substantial rise in [Na'];
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is counterbalanced by enhanced Na'/K'-ATPase activation, an energy-consuming process leading to
depletion of cytosolic ATP levels (Chatton et al., 2000). This in turn stimulates enhanced GLUT-1-
mediated glucose utilization (glucose transporter 1), facilitated by local increase in cerebral blood
flow and activation of aerobic glycolysis in astrocytes (Pellerin et al., 1998; Vannucci et al. 1997;
Loaiza et al. 2003; Porras et al., 2008).

After transformation of glucose to pyruvate, it is further anaerobically metabolized to lactate,
which is transferred to neurons as metabolic substrate via astrocytic and neuronal monocarboxylate
transporters (MCT; Barros & Deitmer, 2010). According to the present model activity-induced glucose
utilization is accomplished predominantly, if not exclusively, by astrocytes: They sense the extent of
glutamatergic transmission at synaptic sites and induce thereupon a haemodynamic response at
vascular sites, which leads to glucose uptake into astrocytes and increased astrocytic metabolism to
provide an appropriate energy supply to neurons (Brown & Ransom, 2007; Pellerin & Magistretti,
2012). Upon exceptionally strong or long-lasting stimulation, astrocytes can additionally mobilize
their glycogen stores to provide necessary metabolic supply even under conditions when glucose
utilization is insufficient in terms of immediate energy requirements (Pellerin et al. 2007; Brown &
Ransom, 2007). Moreover, the astrocytic network allows diffusion of energy metabolites, a feature
that is positively regulated by AMPA-R activation and that might improve metabolite delivery to sites
of high neuronal demand distant from blood vessels. Intracellular transfer of metabolites within the
syncytium was considered particularly relevant for sustained neuronal supply during periods of
abnormally enhanced synaptic activity (Rouach et al., 2008).

Just like the astrocytic network allows for diffusion of metabolites, it also functions as siphoning
structure for ions and absorbed toxins, thereby mediating ion homeostasis and detoxification of
brain tissue. The former was for instance shown by the observation that potassium, taken up by
astrocytes, is distributed through the gap junction coupled syncytium and finally discharged into
capillaries, a process that was termed “spatial K" buffering” (Holthoff & Witte, 2000; Walz, 2000;
Kofuji & Newman, 2004). Furthermore, propagation of calcium within the intracellular network
represents one of the basic signaling mechanisms in astrocytes (Scemes & Giaume, 2006; Kuga et al.,
2011; Verkhratsky et al., 2012). Apart from that, astrocytes have been ascribed a pivotal role in
several detoxification pathways of the CNS. They have for instance an important antioxidant function
by neutralizing reactive oxygen species that are generated by high rates of oxidative metabolic
activity, a process termed oxidative stress (Drukarch et al., 1998; Dringen et al., 1999; Tanaka et al.,
1999; Bélanger et al., 2011). Equally important, aforementioned detoxification of ammonium is
exclusively mediated by astrocyte-specific glutamine synthase, catalyzing the condensation of
glutamate and ammonia to glutamine (Daikhin & Yudkoff, 2000; Hawkins et al., 2002; Rao et al,
2005).
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But not only ion homeostasis is monitored and adjusted by astrocytes, there is also increasing

evidence that astrocytes play a key role in maintaining water homeostasis in the brain (Simard &
Nedergaard, 2004; Zelenina, 2010). Interestingly, it was reported that water permeability, mediated
by AQP4 (aquaporin-4) channels, increases upon neuronal glutamate release (Gunnarson et al.,
2008).
Water homeostasis is not only controlled by glutamate uptake, but can vice versa modify the
astrocytic glutamate uptake system (Djukic et al., 2007), which was alike shown for potassium
homeostasis (Zeng et al., 2008). These water pores together with glutamate transporter GLT-1 and
Kird.1, the inward rectifier-type potassium channel primarily assumed to mediate spatial buffering
(Olsen & Sontheimer, 2008), were proposed to build a supra-molecular complex at the cell
membrane (Nagelhus et al., 2004; Zeng et al., 2007). This elaborate interaction seems reasonable, as
concentration gradients have to be rapidly re-established after neuronal activity to sustain
processing capability. Action potential generation results in excessive extracellular K™ efflux by
delayed voltage-activated potassium channels. [K'], becomes even further elevated by glutamate
transporter-mediated K* release. Excess ambient potassium is removed by action of astrocytic Kir4.1
channels and dispersed by efficient spatial buffering. Even short-term accumulation of potassium
leads to electro-osmotic swelling if not counterbalanced by regulation of water homeostasis (Meeks
& Mennerick, 2007, @stby et al., 2009). Hence, homeostasis of neurotransmitters, ions and water in
the brain is maintained by an astrocytic interface meeting these vital requirements by spatial
arrangement and complex interaction of proteins.

Based on this multitude of experimental data approaching the interaction of astrocytes and
neurons, the concept of the “tripartite synapse” was stated (Araque et al., 1999; Haydon &
Carmignoto, 2006; Perea et al. 2009). The term “tripartite synapse” refers to the idea that synapses,
structurally and functionally, not only consist of the classical synaptic elements, namely the pre- and
postsynaptic terminal, but also of perisynaptic processes of astrocytes. Astrocytic cells are on that
note considered as active participants in information processing, transfer and storage of the brain
(Haydon 2001; Halassa et al., 2007 & 2009; Perea & Araque, 2010). Since astrocytes are equipped
with this highly elaborated functional repertoire presented here, it is apparent that even partial

dysfunction of these cells upon brain injury has multiple consequences.

4.4. Astrocyte Impairment

Although great progress has been made to understand astrocyte function under physiological
conditions most aspects of many vital and dynamic features of astrocytes under pathophysiological
conditions remain elusive and fragmented. In general, brain insults trigger a specific astroglial

reaction, also referred to as reactive astrogliosis (Sofroniew, 2009; Buffo et al., 2010). A hallmark of
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reactive astrogliosis, regardless of its origin and the brain region affected, is the increased expression
of the major astrocytic intermediate filament glial fibrillary acidic protein (GFAP; Eng & Ghirnikar,
1994; Eng et al., 2000; Middledorp & Hol, 2011).

Upon traumatic brain injury a severe astrogliotic response is triggered, which is characterized by
general hypertrophy of astrocyte cell bodies and processes and strongly enhanced GFAP levels.
Adjacent to the lesion site glial scar formation is observable featuring pronounced domain overlap of
individual astrocytes, substantial proliferation and recruitment of other glial cells like microglial cells
(Sofroniew, 2009; Sofroniew & Vinters., 2010). It generally depends on the severity of the brain injury
to which extent tissue re-organization, impairment of cellular connectivity, morphological alterations
and proliferation proceed.

Reactive astrocytes exhibit stereotypical alterations of their normal morphology. Particularly the
increased density of diverse intermediate filaments (GFAP, vimentin, nestin and synemin; Jing et al.,
2007; Robel et al., 2011) results in hypertrophy, i.e. the enlargement of cellular compartments based
on a raised protein synthesis rate, and alterations of the viscoelastic properties (Wilhelmsson et al.,
2004; Lu et al., 2011). The cellular stiffness of astrocytic processes primarily determines the rigidity of
the glial scars and may thus affect motility dynamics and protein trafficking due to impaired
cytoskeleton scaffolding (Lu et al., 2011). The number of stem and higher-degree processes is
significantly increased upon pathological activation and cellular processes become elongated, mainly
directed towards the lesion site (Wilhelmsson et al., 2004 & 2006).

To date, many studies showed that expression of a multitude of genes and downstream proteins
in reactive astrocytes are altered, the functional consequences of this molecular transformation
remain albeit very incompletely understood (Eddleston & Mucke, 1993; Ridet et al., 1997; Zamanian
et al., 2012). Not unexpectedly, reactive astrocytes alike healthy astroglia do not comprise a uniform
cell population, but it was not until 1994 that heterogeneity among astrocytes in reactive gliosis was
assessed (Hoke & Silver, 1994; Zhang & Barres, 2010). Owing initially to their diverse molecular
profile and their distance from the primary lesion, two distinct subpopulations were defined:
proximal (anisomorphic) and distal (isomorphic) reactive astrocytes (Ridet et al., 1997). It is
meanwhile established that at least these two reactive astrocyte subtypes are
immunohistochemically, electrophysiologically and morphologically distinct (Chvatal et al., 2008;
Malhotra & Shnitka, 2001 and references therein). Proximal reactive astrocytes (PRA) are found in
the direct vicinity of the lesion site, i.e. within a distance of approximately 100 um. Within this area
tissue architecture is completely distorted, with astrocyte processes arrayed in a palisade-like
manner and directed towards the lesion site (Oberheim et al., 2008). Distal reactive astrocytes
(DRAs) are detected more distant from the primary lesion (> 100 um) retaining their basic structural

organization within individual, non-overlapping territories (Wilhelmsson et al., 2006).
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They undergo, unlike scar-forming proximal reactive astrocytes, only moderate changes of their
healthy astrocyte phenotype and apparently fully recover their normal morphological and functional
features after several weeks. While distal astrocytes are nestin(-), do not proliferate and show a
temporal up-regulation of Kg currents, proximal astrocytes undergo significant and persistent
changes of their functional features. They exhibit on the contrary Kpr currents, label positive for
nestin, GFAP and BrdU (Chvatal et al., 2008). This particular subpopulation undergoes de-
differentiation, regaining juvenile features and re-entering the cell cycle (Buffo et al., 2008; Simon et
al., 2011; Robel et al., 2011). In line with this data, gap junction coupling of astrocytes, as shown by
Cx43 distribution, seems to be disrupted exclusively in proximal reactive astrocytes situated in the
lesion focus (Theriault et al., 1997).

Taking all these findings together, they may suggest that PRAs primarily participate in the forming
of a dense structural barrier to isolate the focal injury core, while DRAs presumably retain their

functional repertoire to promote the surrounding tissue.

Knowledge, by which signals these (at least) two diverse phenotypes are triggered and to which
extend they differ functionally, is for the most part unavailable. Thus, to consider astrocytes as
therapeutic target, a coherent theory has to be established of how astrocytes operate on a temporal
and spatial basis and whether their actions have to be considered as destructive or compensatory.

In order to better understand how this plethora of highly complex and diverse tasks is
accomplished by astrocytes during development, adulthood and injury, it is essential to look closer at
the fundamental interrelationship and coordination of signaling events. As this study focuses on
glutamate transporter (dys-)function the following paragraphs will address in particular sodium

signaling in astrocytes.

5. Sodium Signaling in Astrocytes

Astrocytes, unlike neurons, do not generate action potentials as response to electrical
stimulation, but there is good evidence that they process information by changes in intracellular ion
concentrations.

Contemporary, the concept of calcium acting as important intracellular messenger in astrocytes is
generally accepted (Fiacco & McCarthy, 2006; Nedergaard et al., 2010). Astrocytes display
spontaneous calcium fluctuations ranging from random profiles to rhythmic oscillations (Hirase et al.,
2004; Honsek et al., 2012). The latter coordinated Ca** events are exogenously inducible and capable
of propagation among several astrocytes within the syncytium (intracellular calcium waves). In
astrocytes, these Ca’* waves are assumed to display the principle mechanism of information

processing and communication within the cellular network (Scemes & Giaume, 2006). In order to
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provide fast and efficient signal transduction, a 20000-fold gradient is maintained between the
intracellular and extracellular compartment ([Ca2+]i: 0.1 uM; [Ca®']o="1 mM; Clapham, 2007;
Nedergaard et al., 2010). This is realized by the action of the plasma membrane calcium ATPase
(PMCA) and the sarcoendoplasmic calcium ATPase (SERCA) transporting calcium into the extracellular
space or into internal stores of the endoplasmatic reticulum (ER), respectively (Fresu et al., 1999;
Grimaldi, 2006). The spatiotemporal signaling properties of calcium are governed by cytoplasmatic
calcium binding proteins that provide a buffer capacity which can locally restricts calcium signals to
so-called microdomains.

Analogue to the commonly accepted idea that calcium serves a signaling purpose, there is
emerging evidence that this may also be true for sodium (Rose, 1997; Deitmer & Rose, 2010;
Kirischuk et al., 2012). In this respect great progress has been made in the last few years in
understanding the homeostatic and dynamic role of sodium in CNS function, as will be described in
the following.

Conservation of energy in form of a sustained Na* gradient over the plasma membrane is a
principle consistently found in virtually all organisms. The steep inward-directed electrochemical Na*
gradient across the plasma membrane is provided by the ATP-consuming action of the Na'/K'-
ATPase, serving in turn as energy source for numerous secondary-active transport systems. Worthy
of note is here that intracellular Ca®* and pH homeostasis are directly dependent on changes in [Na';
since most of the involved transport processes are in fact driven by the Na* gradient (Deitmer &
Rose, 2010; Kirischuk et al., 2012).

Signal transduction mediated by Ca’* is intimately coupled to sodium concentration by the
Na*/Ca**-exchanger (NCX), which operates in the forward-mode with the stoichiometry of exchange
being 3Na'inmuw:1Ca* sux (Clapham, 2007). Interdigitation of Ca®* and Na* signaling thus implies that
sodium fluctuations may trigger internal calcium elevations. Those in turn can initiate intracellular
signaling cascades or provoke gliotransmitter release, thus facilitating communication within the
astrocytic network and between astrocytes and neurons, respectively.

The sodium gradient alike governs pH homeostasis. The physiological pH buffering system is
determined by the cellular ratio of bicarbonate (HCO;) and hydrogen ions (H*) and linked to the
sodium gradient via Na‘'/H™-exchanger (NHE; 1Na"nqiu/1H esx) and Na’/ HCO;5-cotransporter (NBC;
INa"infu/2HCO5 infix), respectively (Deitmer & Rose, 2010). In the first place, these two transporters
are responsible for maintenance of a physiological pH by extruding metabolically generated acid,
which would otherwise lead to intracellular acidification. Lactate transfer from astrocytes to neurons
by MTCs is likewise proton-linked, hence indirectly modulated by the intracellular sodium

concentration (Halestrap & Price, 1999). In conclusion, cytosolic sodium elevations will ultimately
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lead to a reduction in the driving force for sodium-dependent transporters and thus substantially
affect pH and Ca®* homeostasis.

As was already stated above, each glutamate molecule taken up by EAATSs is accompanied by the
co-transport of three sodium ions. Likewise, transmission of GABA is terminated by action of
astrocytic high-affinity, sodium-dependent transporters, termed GATs (Eulenburg & Gomeza, 2010).
They take up one GABA molecule along with two co-transported Na" and one counter-transported CI
. The stoichiometry of both transporter types, EAATs and GATs, suggests that elevated extracellular
glutamate or GABA concentrations might introduce a significant quantity of sodium ions into the cell.
And it was indeed demonstrated in vitro that endogenous administration of glutamate and GABA
elicits substantial sodium transients in astrocytes (Rose & Ransom, 1996; Chatton et al., 2000;
Chatton et al., 2003). First evidence for the existence of synaptically-induced, EAAT-mediated [Na'];
elevations in intact tissue was provided by a study analyzing Bergmann Glia cells in the cerebellum
(Kirischuk et al., 2007).

These findings were elaborately confirmed, refined and extended by successively acquired
experimental data by Christine Roses” laboratory. Initially, Bennay and coworkers (2008)
demonstrated that these synaptically-induced sodium transients do not only occur in cellular bodies
but also in processes of cerebellar Bergmann glia cells. Analogous findings were provided for classical
protoplasmatic astrocytes of the hippocampus (Langer & Rose, 2009). In acute hippocampal slices,
sodium signals were moreover shown to propagate to neighbouring cells in a gap junction mediated
manner (Langer et al., 2012). It was proposed that the generation of such intracellular “Na* waves”
might serve neurometabolic coupling (Bernardinelli et al., 2004). As mentioned before, the workload
of the Na*/K*-ATPase following glutamate uptake triggers glucose utilization, which may represents a
sodium-mediated signaling pathway coupling synaptic activity and metabolic supply (Pellerin &
Magistretti, 2012). It was indeed shown that besides its dependence on Na‘/K*-ATPase, stimulation
of GLUT-1 necessitates coincidental induction of Na" and Ca®' signals (Bernardinelli et al., 2004;
Porras et al., 2008). The spatiotemporal coordination of both ions seems thus to be of vital
importance for activity-adapted neuronal supply. Besides these interaction events, Na* and Ca*'
signaling pathways are also capable of independent operation, which means that Ca** transients are
not always accompanied by Na® elevations and vice versa (see e.g. Bernardinelli et al., 2004; Langer
et al., 2012).

Lately a study showed that [Na']; in cortical astrocytes even modulates the plasticity of glutamate
transporter-mediated currents on a short-term scale (Unichenko et al., 2012). For that, neuronal
fibers were activated by focal, double-pulse electrical stimulation and astrocytic synaptically
activated, transporter mediated currents were measured. This experimental procedure, since only

astrocytes were analyzed, did not allow deciding whether this effect was directly caused by the
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influence of sodium on astrocytic glutamate transporters or rather by altered glutamate uptake due
to changed neuronal glutamate release. Interestingly, it was also shown that activation of GAT by
exogenous GABA can elicit such [Na']; elevations and thus influence glutamate transporter function,
indicating that astrocytes may serve as link between GABAergic and glutamatergic transmission
pathways.

Concluding, these studies demonstrated that sodium signals in astrocytes, induced upon neuronal
activity, exhibit conformity in their amplitude and spatial profile with strength and site of synaptic
activation. Their manifestation comprises delicate, locally restricted transients up to robust sodium
waved propagating from one cell to another within the astrocytic network. Gradual recruitment of
cellular compartments or even of neighboring cells by sodium might represent a signal mechanism
coupling increased metabolic need due to prior neuronal activity and glucose utilization. As these
local and global sodium signals alter the gradient over the plasma membrane in a certain
spatiotemporal manner, they are expected to have multitudinous consequences for associated
transport systems, which reciprocally determined modality of Na® action. All these sodium-
dependent pathways, that are central for brain physiology, illustrate the particular importance to

understand the complex interplay of sodium homeostasis and signaling.

6. Aim of the Study and Methods

As the introduction points out, the hippocampus is a well-defined brain structure in terms of its
anatomy and inherent glutamate-mediated neuronal connectivity. The cortical organization is fairly
simple, the neuronal circuitry is unidirectional and synaptic contacts are restricted to specific tissue
layers, which altogether renders the hippocampus the best-studied structure in the brain (Férster et
al., 2006; Neves et al., 2008; van Strien et al., 2009). In contrast to the multitude of publications
regarding the development and function of neurons in the hippocampus, adequate knowledge about
astrocyte participation in brain maturation and information processing is still missing. Especially
during postnatal development, when formation and maturation of glutamatergic synapses proceeds,
little information exists about the operation of the astrocytic glutamate re-uptake system (Pfrieger,
2002; Ullian et al., 2004). Just like we have an inaccurate understanding of the role of astrocytic
glutamate transporters during brain development, knowledge regarding glutamate transporter
operation during brain injury is mostly lacking. As was highlighted in a recent review (Kirischuk et al.,
2012), little is especially known about alterations of sodium homeostasis and signaling dynamics in
pathophysiological states, not to mention the unadequate understanding of the functional

heterogeneity of reactive astrocytes in this regard.
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The purpose of this study was to acquire fundamental knowledge about the role of astrocyte
EAATSs and the associated intracellular sodium signaling during establishment and dysfunction of the
re-uptake system in the hippocampus.

Accordingly, present investigation examined astrocytic EAAT distribution and function during
postnatal ontogenesis and brain injury with a particular focus on transporter subtype composition

and cell type heterogeneity.

To picture the expression profile of the astrocytic glutamate transporters GLAST and GLT-1 on
different  organizational levels during development and injury, fluorescence-based
immunocytochemistry and protein immunoblotting were employed. High-resolution microscopy,
namely confocal and STED (stimulated emission depletion) microscopy, provided clear cellular
resolution of antibody-labeled preparations. In order to quantify GLAST and GLT-1 protein levels,
western blot analysis was performed. This technique even allowed the detailed portray of the
developmental and pathological changes in multimer composition.

To gain functional data, optical probing of intracellular sodium was accomplished by the sodium
imaging technique (Meier et al., 2006; Lamy & Chatton, 2011; Schreiner & Rose, 2012) and the
selective stimulation of EAATs by the agonist D-aspartate. Here, the AM-ester of the ratiometric
indicator sodium-binding benzofuran isophthalate (SBFI; Minta & Tsien, 1989) was employed in order
to vizualize EAAT-mediated sodium transients in cell bodies of reactive astrocytes in situ in a
hippocampal slice culture lesion model. A comprehensive review addressing quantitative sodium
imaging is enclosed here ([1] Schreiner & Rose, 2012). SBFI delivered by the patch pipette was
further enabled sodium imaging in delicate perivascular endfeet structures on blood vessels in situ.
These sodium transients were elicited in astrocytes in acutely prepared tissue slices of hippocampus
either by electrical stimulation or by EAAT agonist application. Quantative data was obtained by
ratiometric, epifluorescence measurements while high spatial and temporal resolution was

facilitated by two-photon imaging.

8. Summary of Results and Discussion

The experimental results presented in this study suggest that both glutamate transporter
subtypes expressed by astrocytes, namely GLAST and GLT-1, are differentially regulated during
development as well as during brain injury ([2] Schreiner et al., under review and [3] Schreiner et al.,
in preparation).

We found that GLAST and GLT-1 are independently up-regulated during postnatal hippocampal
development ([2] Schreiner et al., under review). Their temporal, spatial and cellular expression

profile differed considerably. GLAST was foremost expressed by radial glial cells and juvenile
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astrocytes and temporal up-regulation paralleled the increase in GFAP content, the principle
astrocytic intermediate filament. Onset of GLT-1 protein up-regulation proceeded not until the
second postnatal week, with a sequential rise in multimeric and monomeric form of the protein,
respectively. Unlike GLAST, GLT-1 was particularly detected on distal astrocytic structures such as
perisynaptic and perivascular processes, whereby prominent GLT-1 accumulations were found on the
latter. Functionally, we demonstrated for the first time that EAAT-mediated sodium signals can
indeed originate at perivascular endfeet, invade these and propagate between endfeet of adjacent
astrocytes ([4] Langer et al., in preparation).

This study not only established that the astroglial EAATs are differentially regulated during
development, but also during pathophysiological conditions ([3] Schreiner et al., in preparation).
Following severe brain injury discrete modifications of GLAST and GLT-1 expression and non-uniform
alterations of glutamate re-uptake capacity in defined subsets of reactive astrocytes are triggered.
Upon brain injury multimeric GLAST protein content increased, accompanying the pathological up-

regulation of GFAP, while GLT-1 monomeric protein quantity declined.

The postnatal stage represents a critical period of brain development regarding neuronal and
astrocytic commissioning. Hippocampal neurons, which are already generated during the embryonic
phase, begin to establish synaptic connections shortly after birth. Synapse formation and maturation
then proceeds for the following two postnatal weeks (Ben-Ari, 2001). Just after these two postnatal
weeks myelination commences and isn’t complete until P60 (Meier et al., 2004). Neuronal changes
are paralleled by vigorous changes of astrocytic cells during postnatal ontogeny of the hippocampus.
In contrast to neurogenesis, gliogenesis peaks early postnatal (Sauvageot & Stiles, 2002). Thereafter,
fundamental astrocytic functions are established: (I) defined cellular domains are formed, (Il) fine
processes are highly-dynamically reorganized (Bushong et al., 2004), (lll) electrophysiological
properties change (Zhou et al., 2006; Kafitz et al., 2008), (IV) changes in protein expression occur
(Kimelberg, 2010) and (V) the gap junction network interconnecting astrocytes is build (Schools et al.,
2006). The process of astroglial maturation appears to be inevitable for promotion of synapse
formation and maturation (Pfrieger, 2002; Ullian et al., 2004; Faissner et al., 2010; Eroglu & Barres,
2010). Additionally to their important homeostatic and regulatory function in the mature brain,
glutamate transporters are thought to fulfill important duties during brain development by
regulating neuronal migration (Shibata et al., 1997; Matsugami et al., 2006), proliferation (Gilley &
Kernie, 2011) and synaptogenesis (Matsugami et al., 2006).

Present research revealed that during this critical developmental period both glutamate
transporters are dramatically upregulated, although in a distinct spatio-temperal manner.

Immunohistochemistry and western blot analysis showed that GLT-1 protein content in the
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hippocampus substantially started to increase after the first postnatal week. On the contrary,
considerable amounts of GLAST protein were already expressed before GLT-1 onset and gradually
increased postnatally. On a laminar and cellular level GLT-1 was found to be particularly associated
with perisynaptic and perivascular astrocyte structures, while GLAST expression could be especially
ascribed to juvenile astrocytes and astrocyte procursors like radial glial cells. Hence, although both
astrocytic glutamate transporters share 55 % protein identity and exhibit similar functional features
(e.g. stoichiometry, topology, Ky values), both seem to fulfill specialized tasks in the developing brain
(Gegelashvili & Schousboe, 1997; Danbolt, 2001; Anderson & Swanson, 2000).

Studies utilizing knockout (KO) animals impressively showed the indispensability of both astrocyte
glutamate transporters to brain development and normal brain function (Matsugami et al., 2006).
Primarily of note, GLAST/GLT-1 double-KO resulted in perinatal mortality between embryonic day 17-
18 (Matsugami et al., 2006). Prior transgenic animals exhibited abnormal brain development
manifesting itself as structural disorganization as well as impairment of proliferation, radial glia
migration and neuronal differentiation. Neither individual GLAST nor GLT-1 ablation featured such
general anatomical alterations (Tanaka et al., 1997; Watase et al., 1998). Genetic inactivation of
GLAST only lead to minor synaptic impairment and more general to slight dysfunction of motor
coordination, while single GLT-1 KO mice showed significantly elevated ambient glutamate
concentrations, developed spontaneous seizures and had an increased susceptibility to acute cortical
injury, hence only 50 % of the animals survived until the sixth week (Tanaka et al., 1997; Watase et
al., 1998; Mitani & Tanaka, 2003). Under pathological conditions however, failure of GLAST-mediated
glutamate re-uptake profoundly worsened the outcome of brain injury (Watase et al., 1998). KO of
GLT-1 did not alter GLAST expression and vice versa, which indicates that no compensatory
mechanism among astrocytic glutamate transporters does exist (Voutsinos-Porche et al., 2003b;
Harada et al., 1998; Ueda et al., 2002). These findings provide good evidence that both glutamate
transporters are indespensible for proper brain development and function in the mature animal.

Interestingly, exactly during the developmental shift from GABA- to glutamate-mediated
excitation, GLT-1 takes over and remains the prevalent and most abundant glutamate transporter in
the brain (Lujan et al., 2005; Ben-Ari, 2001 & 2002). Thus, GLT-1, but not GLAST, seems to be
particularly dependent on interaction with glutamatergic neurons, since it was shown that GLT-1
protein expression ceases in primary culture without supplement of neuronal factors (Schlag et al.,
1998; Gegelashvili et al., 2000), its expression is reduced when synapses are lost following removal of
glutamatergic afferents (Ginsberg et al., 1995 & 1996; Yang et al., 2009) and it is enhanced when
synaptic activity increases (Genoud et al., 2006; Benediktsson et al., 2012). This is supported by the
finding that GLT-1 interacts with proteins of the postsynaptic terminal like PSD-95 or NMDARs

(Gonzalez-Gonzalez et al., 2008 & 2009). Postnatal up-regulation glutamate dehydrogenase (GDH)
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and of GS also parallels increasing GLT-1 expression starting after P5 (Voutsinos-Porche et al., 2003b;
Kugler & Schleyer, 2004). Thus, the data obtained here is in good accordance with earlier published
data implicating a tight functional dependence of GLT-1, and not GLAST, on synaptic activity.

GLAST on the other hand seems to be merely uninfluenced by the maturation of the glutatergic
network, as up-regulation proceeds steadily during postnatal development. This is supported by the
finding that GLAST is already robustly expressed by radial glial cells during embryogenesis (Shibata et
al.,, 1997; Hartfuss et al.,, 2001). This implicates that other regulatory mechanisms trigger
upregulation and functional membrane integration of GLAST. Unfortunately, the explicit role of
GLAST in the forebrain is still not fully unraveled. It was proposed that GLAST-mediated glutamate
binding competes with mGluRs expressed by interneurons, thereby regulating inhibition in the
hippocampus (Huang et al., 2004).

Several studies demonstrated that both GLAST and GLT-1 co-compartmentalize and thus
intimately interact with proteins involved in energy metabolism (Rose et al., 2009; Genda et al.,
2011; Bauer et al., 2012). Among these particular importance was attributed to the functional and
structural cooperation of EAATs with the Na*/K'-ATPase, which were considered to operate as a
functional unit (Cholet et al., 2002; Rose et al., 2009). This interaction seems useful as a significant
part of the energy by astrocyte metabolism is used to restore the sodium gradient as a consequence
of its reduction by the action of the neurotransmitter coupled transporter systems (Genda et al.,
2011).

Surprisingly, it was in particularly GLT-1 that was found on perivascular endfeet during postnatal
development, which might indicate a specialized function of this glutamate transporter subtype. The
remarkable high glutamate transporter density at perivascular endfeet structures lead to the
qguestion whether sodium signals can be actually elicited these specialized astrocytic compartments,
as would be expected from the foregoing observation in perivascular endfeet. And indeed, we found
that sodium signals caused by EAAT activation can invade perivascular endfeet, originate at these
specialized structures and even propagate between endfeet of adjacent astrocytes ([3] Langer et al.,
in preparation). As described before, concurrent Na” and Ca®* signals are needed to stimulate glucose
utilization from the blood (Bernardinelli et al., 2004; Porras et al., 2008), it is thus tempting to
speculate that EAAT-mediated sodium signals in perivascular endfeet might serve an exceptional
function for neuronal metabolic supply.

The research data presented here thus indicates that protein expression and spatial distribution
of GLAST and GLT-1 are independently regulated and that both transporters occupy distinct
functional niches in the developing brain as suggested e.g. by the appearance and operation of GLT-1

at perivascular structures.
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Whether regulation of astrocytic glutamate transporters is also variously changed under
pathophysiological conditions was addressed by another investigation enclosed. This examination
demonstrated for the first time that glutamate transporter distribution and function is indeed
differentially impaired in specific subtypes of reactive astrocytes in situ ([3] Schreiner et al., in
preparation). As we have seen before, several studies indicated that heterogeneity among reactive
astrocytes exists. Research presented here approves this idea, as we have found two distinct
subpopulations of reactive astrocytes showing differential impairment of the astrocytic glutamate
transporter uptake system. On the one hand, severe astrogliosis adjacent to the lesion site induced
strong glutamate clustering and severe reduction in astroglial glutamate re-uptake of PRAs. Mild to
moderate astrogliosis in the periphery of a mechanical lesion on the other hand was not
accompanied by an apparent change in cellular distribution and glutamate uptake capacity in DRAs.
PRAs within a distance of approximately 100um surprisingly also ceased to accept the astrocyte-
specific vital dye SR-101 as it was already shown for neonate astrocytes (Kafitz et al., 2008). This thus
further supports the idea that reactive astrocytes partially regain juvenile feature (Robel et al., 2011).
It was already firmly established in recent years that astrocytes in the cortex and the hippocampus
selectively incorporate the fluorescence dye SR-101 and its fixable analogue Texas Red in situ and in
vivo (Nimmerjahn et al., 2004; Kafitz et al., 2008; Nimmerjahn & Helmchen, 2012). Even though the
precise uptake mechanism is still unknown, SR-101 has become a widely used and appreciated tool
to identify astrocytes. Since number of astrocytes taking up SR-101 increases not until the postnatal
period (Kafitz et al., 2008) and since, as shown here, induction of a severe astrogliosis results in the
inability of a subpopulation of reactive astrocytes adjacent to the lesion core to label for SR-101, the
use of this vital dye seems unfortunately to be limited. Thus, it would be of particular interest
whether neonate astrocytes and those reactive astrocytes ceasing SR-101 acceptance might take up
sulforhodamin B (SRB) or sulforhodamin G (SRG). These are newly investigated compounds of the
sulforhodamine family that are specifically taken up by astrocytes and additionally by specialized
cells of the astroglial lineage, e.g. Bergman glia cells (Appaix et al., 2012). If applicable the slightly
shifted fluorescence spectra of SR-101 and the new compounds would then allow e.g. the distinction
between immature and mature astrocytic cells as well as between proximal and distal reactive
astrocytes with an easy performable approach.

The present research shows for the first time that EAAT-mediated sodium signaling in proximal
and distal reactive astrocytes is dissimilar impaired. Beforehand only general down-regulation of
glutamate transporter expression and overall reduction of glutamate uptake activity was reported
(Chen et al., 2005; Morretto et al., 2005; van Landeghem et al., 2006). Several studies have even
found glutamate transporter reversal under pathological conditions like ischemia (Gemba et al.,

1994; Seki et al. 1999; Phillis et al., 2000; Rossi et al. 2000), we however couldn’t observe uptake
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reversal by EAATs. Our results thus suggest that at least one week after the initial lesion raised
external glutamate concentrations as they are found following traumatic brain injury (TBI) might be
due to impaired, but not reversed glutamate re-uptake and other glutamate release mechanisms,
respectively. It can however not be excluded that glutamate transporter reversal leads to
extracellular glutamate accumulation and neuronal cell death during the acute injury phase. Some
groups indeed provided experimental evidence that pointed towards a phase-dependent
modification of glutamate transporter operation (QUELLEN; Grewer et al., 2008). Whether these
EAAT changes in upon brain injury are causal or consequential remains unfortunately unresolved and
will be an assignment of prospective research. Intriguingly, this study also showed for the first time
that the multimeric composition of both astrocytic glutamate transporters is differentially altered
following severe brain injury. Thus, heterogeneity of glutamate transporter does not only occur with
reference to different astrocytic subpopulations, but also to the individual glutamate transporter

subtypes.

To recapitulate, this composition of studies provided good evidence that astroglial glutamate re-
uptake is accomplished by a differential regulation of both astrocytic glutamate transporters during
development and disease. All in all, our data demonstrates that heterogeneity among astrocytes and
their glutamate transporters is still a widely ill-adresses issue. Diversity exists by means of glutamate
transporter subtype composition as well as multimeric complexation. The heterogeneity not only
concerns the protein equipment, but also the astrocyte subtype under investigation. Although
protoplasmatic astrocytes apparently act stereotypically in the healty brain, this seems not to be the
case in brain injury. It thus seems that only flexible phenotypic response behavior among astrocytes
can meet brains complex requirements. Glutamate transport into astrocytes is always accompanied
by a profound sodium influx and thus massive changes in sodium balance. Intriguing, sodium
signaling per se seems to be based on fundamental biological principles like compartimentalization,
diffusion and coincidence detection to encode and transduce information. It might thus provide a

mechanism to sense neuronal activity and respond to the consequential energy demand.
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Quantitative Imaging of Intracellular Sodium

A. E. Schreiner! and C. R. Rose!

! Institute of Neurobiology, Heinrich-Heine-University Duesseldorf, Universitaetsstrasse 1,
Duesseldorf, Germany.

A fundamental functional principle of animal cells is their ability to store energy across the plasma
membrane in form of ion gradients. This is mainly realized by the activity of the Na'/K"-ATPase, which consumes
ATP to establish an inwardly directed gradient for sodium ions. In the brain, the sodium gradient not only drives
many transport processes across the plasma membrane, but also provides the basis for electrical signaling. Any
change in intracellular sodium and any reduction in the sodium gradient will thus influence a multitude of
processes, and breakdown of the sodium gradient during pathological conditions can have fatal consequences.
Knowledge about intracellular sodium concentration and its alterations under different conditions is thus
indispensable. The study of the temporal and spatial dynamics of [Na']; can be accomplished by fluorescence-
based intracellular sodium imaging, which also enables measurements in small microdomains such as dendrites
and spines or fine glial processes. In this chapter, we review the properties and application range of sodium-
sensitive fluorescent indicator dyes. Furthermore, the principles of ratiometric imaging, which allows the reliable
measurement of intracellular sodium concentrations, are presented. While focusing our experimental description
on neurons and glial cells in brain slices, the reader will be provided with basic instructions and information on
how to perform quantitative intracellular sodium imaging applicable also to other cells and tissues.

Keywords brain, sodium, ratiometric imaging, SBFI, wide-field microscopy, neuron, astrocyte, glia

Abbreviations £4A4T = excitatory amino acid transporter; GAT = y-aminobutyric acid transporter; K; =
dissociation constant; ex 4 = excitation wavelength; em 4 = emission wavelength; AM = acetoxymethyl; ANG =
Asante NaTrium Green; SBFI = sodium-binding benzofuran isophthalate; FLIM = fluorescence lifetime imaging
microscopy; NADH = nicotinamide adenine dinucleotide hydrogen

1. Introduction

1.1 Physiological Role of Sodium

For the majority of mammalian cells, the concentration of intracellular free sodium ([Na'];) is in the range of 10-
20 mM, whereas the extracellular sodium concentration ([Na'].) is considerably higher (approximately 150
mM). This, in combination with the negative membrane potential, results in a steep inwardly directed
electrochemical gradient for sodium ions. The sodium gradient is established by the permanent activity of the
Na'/K'-ATPase, which represents the major energy consumer in cells: in the central nervous system it uses at
least */5 of the cells’ energy expenditure [1]. It thereby regulates many physiological functions, providing the
driving force for a multitude of transport processes across the plasma membrane. For instance, sodium is central
to the homeostasis of other ions (e.g. through Na'/H'- or Na'/Ca*"-exchange), for osmoregulation, the uptake of
nutrients or the re-uptake of transmitters in the brain (via EAATs and GATs). Furthermore, sodium serves an
important signaling role, mediating action potential generation and fast excitatory transmission in neurons. It was
also proposed that activity-induced astrocytic sodium transients [2, 3] represent a key signal for coupling glial
metabolism to neuronal activity [4, 5].

Because of the particular importance of sodium, knowledge about intracellular sodium homeostasis and
signaling is indispensable. Measurement of extra- and intracellular sodium in invertebrate preparations using
ion-selective microelectrodes was already commenced in the early sixties [6], but the large tip diameter of these
electrodes excluded measurement in small mammalian cells. In 1989, imaging of intracellular sodium was first
reported using the newly developed fluorescent indicator sodium-binding benzofuran isophthalate (SBFI) [7],
and since then, several other sodium indicators were designed [8-11]. Because these dyes (as other synthetic
fluorescent indicators dyes) distribute in the entire cytosol, they not only enable measurement in the somata of
small cells, but may also be used to monitor the spatial distribution of [Na'] changes in subcellular
compartments.For further reading on the role of sodium in neuronal cells and neuroglia the reader is kindly
referred to earlier reviews [12-15].

1.2 Basics of Ion Imaging and Sodium Indicators

The sodium imaging technique takes advantage of the so-called fluorescent sodium indicator dyes, molecules
that change their spectral properties in response to the binding of sodium ions. These are composed of an ion-
binding site and a fluorophore unit, which translates the conformational change of the molecule upon sodium
binding into an optical signal.

Important aspects when considering the application of an indicator dye are the specificity, the affinity, the
fluorescence properties and the general chemical properties of the employed molecule. First of all, a reliable
sodium indicator should be highly specific for sodium over other ions. This is especially critical for K", the
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intracellular concentration of which is more than 10-fold higher than that of sodium, and could hence impair the
measurement. The indicator should also exert negligible sensitivity to changes in pH. The dissociation constant
(K4), a measure for the affinity of the ligand (sodium) to the receptor (the sodium indicator), should be in the
range of the expected sodium concentration and changes thereof. As a rule of thumb, indicators are useful for
measurement of ions concentrations ranging from 0.1 to 10 times of their K, values.

Sodium binding (or unbinding) to the indicator should result in a significant change of the fluorescence
emission. Furthermore, excitation and emission spectra should exert only a minimal overlap. The quantum yield,
that is the emission efficacy of the fluorophore, should be as high as possible to allow for short exposure times
and low indicator concentrations, thus minimizing cellular stress. On the molecular level, enough polar groups
should be present to render the dye water soluble and to allow for uniform dispersion in the cytoplasm. Modified
forms of sodium indicators are available, in which the polar groups are temporally masked (e.g. by
acetoxymethyl esters) to enable the dyes’ passage across the cell membrane. Cytoplasmic cleavage of these
masking moieties then traps the indicator inside the cell by hindering its exit across the membrane.

The number of commercially available sodium indicators is still quite small (see Table 1) when compared to
the wide range of calcium indicator dyes with different spectral properties, K4, or molecular weight. In addition
to SBFI, the first sodium indicator available, commonly used sodium indicator dyes include Sodium Green and
the CoroNa indicators. Recently, a new sodium dye, Asante Natrium, has been developed.

Sodium Green (Molecular Probes, Invitrogen, Eugene, OR) is an indicator that has been used in a variety of
imaging studies [18-20]. The Sodium Green indicator (MW 1667.6 g/mol) shows high selectivity for Na" over
K" (41-fold) and a relatively high quantum yield (0.2) in sodium-containing solutions. The dissociation constant
of Sodium Green is approximately 21 mM in saline, thus making it well-suited for investigation of cytosolic
sodium concentrations (which is in the range of 10-20 mM). Sodium Green is excited by visible light (ex A = 507
nm) that enables efficient excitation at 488 nm by conventional argon lasers. It exhibits an increase in
fluorescence emission (em A = 532 nm) with increasing sodium concentration. Because neither fluorescence
excitation nor emission spectra shift upon sodium binding, a conventional ratiometric approach (see paragraph
1.3) is not applicable. Sodium Green can, however, be used in fluorescence lifetime imaging microscopy (FLIM)
studies [21-23]. Contrary to conventional, intensity-based sodium imaging, FLIM takes advantage of a change in
the exponential decay rate of the fluorescence signal (fluorescence lifetime) with changing sodium
concentration. In contrast to Sodium Green, neither SBFI [24] nor CoroNa Green exhibit sodium-dependent
changes in the exponential decay time and are thus not suitable for FLIM measurements (Kleinhans, Schreiner
and Rose, unpublished observations).

The CoroNa dyes are a group of recently developed sodium indicators with quite different characteristics,
consisting of the fluorescent probes CoroNa Green and CoroNa Red. The properties of CoroNa Green
(Molecular Probes, Invitrogen, Eugene, OR) were described in detail by earlier studies [10, 25]. The selectivity
of Na' versus K' binding is about 4-fold for CoroNa Green [25], thus considerably lower than that of Sodium
Green. CoroNa Green (MW 585.6 g/mol) exhibits a relatively high sodium dissociation constant (K4 of 82 mM;
[25]), making it well suitable for measurement of very large Na' transients or Na' changes upon a high
background Na' concentration. As described for Sodium Green, CoroNa Green is excited by visible light and
exhibits an increase in fluorescence emission intensity upon binding of Na“ (ex A /em A = 492/516 nm) with just
little shift in wavelength. The absorbance maximum of CoroNa Green, as for Sodium Green, is near 488 nm,
which enables excitation by argon lasers commonly used in confocal microscopy. A disadvantage of CoroNa
Green is that it is not well suited for AM-ester loading because it tends to leak out of the cells due to its small
molecular size [10]. Dye loading via a patch-pipette ensures permanent delivery and stable intracellular dye
concentrations [10]. In a promising novel approach, Lamy and coworkers encapsulated CoroNa Green in a
PAMAM dendrimer-nanocontainer to counteract permanent dye extrusion [26]. The second CoroNa derivate,
CoroNa Red (Molecular Probes, Invitrogen, Eugene, OR) is very lipophilic and allows the direct loading into
cells without any modifications, such as using an AM ester precursor, needed. The dye exhibits a net positive
charge leading to its accumulation in mitochondria. It undergoes a 15-fold increase of the fluorescence emission
upon Na' binding and has a low sodium-binding affinity (Kq = 200 mM). These special properties make it
suitable for investigation of mitochondrial sodium signals in intact cells [9, 27-28].

Lately, a novel sodium indicator, Asante NaTrium Green 1 (ANG-1), was described [11, 17]. According to
the manufacturer (TEFLabs Inc., Austin, TX), another Asante derivate, Asante NaTrium Green 2 (ANG-2), does
even show improved fluorescence properties, but up to now, no publications with this dye exist. Examination of
the selectivity revealed that ANG-1 exhibits a 14-fold selectivity for Na" over K*, which is an intermediate value
between Sodium Green and CoroNa Green (41-fold and 4-fold, respectively). ANG-1 shows a dissociation
constant that is higher than the physiological baseline [Na']; (K4 = 39 mM), and will probably thus enable
detection of a higher concentration range compared to Sodium Green and SBFI (see Table 1). Maximum ex A
and em A are 532 nm and 550 nm, and sodium binding induces an increase in fluorescence intensity [11, 17].

Despite these new developments, the dye most commonly used for sodium imaging is still SBFI, first
described in 1989 ([7]; available e.g. from Molecular Probes, Eugene, OR). It is an UV-excited dye similar in

structure to the well-known calcium sensitive dye Fura-2 and has since been employed for one- and two-photon
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Na' imaging in many cell types and preparations [2, 29-33]. Because of its widespread application and superior
suitability for quantitative sodium imaging, it will be described in the following paragraph in detail.
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Figure 1. Chemical structure of the sodium indicators SBFI, Sodium Green, CoroNa Green, CoroNa Red and Asante

NaTrium Green. The grey boxes show the masked AM- and tetraacetate moieties, respectively. The chemical structures are
taken and modified from [16] and [17].

Table 1. Commercially available sodium indicators.

sodium indicator SBFI Sodium Green CoroNa Green CoroNaRed ANG-1

ex A [nm] 340/380" 507 492 560 517
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em A [nm] 505 532 516 578 540

Ky in situ [mM] 1817; 261%%; 22010 21 82 200 39011, 20!
selectivity Na" > K*

in vitro 18-fold 41-fold 4-fold ND 14-fold
quantum yield 0.08 0.2 ND ND 0.65
ratiometric yes’ no no no no

laser A CLSM [nm] UV 488 488 488 488/514
2hv-applicable yes yes yes yes yes
references [71; [32]; [10] [8] [25]; [10] [9] [11];[17]

!'=Jow Na' sensitivity (near isosbestic point)/ high Na' sensitivity; > = dual-excitation (& dual-emission) ratiometric mode
applicable; ex = excitation; em= emission; CLSM = confocal laser scanning microscopy; 2hv = two-photon; SBFI = sodium-
binding benzofuran isophthalate; ANG = Asante NaTrium Green; n.d. = not determined.

1.3 Ratiometric Imaging with SBFI

Ratiometric fluorescence imaging refers to a procedure, in which the intensity changes of a fluorophore are
recorded after alternate use of either two different excitation wavelengths (for “dual excitation” indicators
shifting their excitation spectra with ion binding) or by detection at two different emission wavelengths (“dual-
emission” indicators), and a quotient (“ratio R”) is calculated from these two values. In case of SFBI, as for other
classical UV-excitable ratiometric dyes such as Fura-2, one can take advantage of the fact that the fluorescence
emission is not only dependent on ion binding, but also changes with the excitation wavelength. For these dyes, a
so-called “isosbestic” wavelength exists, at which absorption is independent from the ion concentration.
Emission when excited at this wavelength is dependent on other factors such as dye concentration, and can serve
as a “reference”. Such ratiometric dyes are alternately excited at the isosbestic point and at a wavelength, where
emission is maximally dependent on ion binding (“ion-sensitive” wavelength). The use of the ratio thus makes
the measurement independent from confounding factors, such as variable dye concentration (e.g. bleaching) and
cell thickness.

To date only one sodium-sensitive indicator, namely SBFI, exhibits the necessary prerequisites for dual
excitation/emission ratiometric measurements [7]. The other aforementioned sodium indicators can only be
employed for single-wavelength measurements, because they respond to sodium binding with a rise in
fluorescence intensity without showing a spectral shift utilizable for the ratiometric dual-wavelength mode.
Thus, a “pseudo-ratio” must be employed using a second dye (e. g. [34]), which, however, is less reliable
because both dyes can exert different rates of bleaching, diffusion, or export from the cell. SBFI allows for
measurements in the dual-excitation as well as in the dual-emission mode, though usually excitation with two
alternating wavelengths is performed. SBFI binds sodium with a 1:1 stoichiometry and in situ K4 of 18-26 mM
have been reported [16, 32, 35], making it well-suited to detect sodium concentrations and changes thereof that
occur in the cell under physiological conditions. As reported for other ion-sensitive dyes, the properties of SBFI
fluorescence and its selectivity change in intracellular environments, probably because of an increased viscosity.
This includes Ky (in vitro K4: 11 mM) and SBFI fluorescence absorption spectra, which show a significant shift
to the left when loaded inside cells [2, 36]. The same is true for selectivity of Na" over K', reported to be 18-fold
in vitro. When loaded inside cells, a significantly lower apparent K -sensitivity of SBFI has been found [10, 31].

Upon sodium binding, the excitation maximum of SBFI (em A = 507 nm) shifts to shorter wavelengths
accompanied by an enhancement of the quantum yield and a narrowing of the excitation maximum. Hence, SBFI
is usually excited near the isosbestic wavelength (ex; A = 340 nm) and at a sodium-sensitive wavelength (ex, A =
380 nm). In situ, excitation spectra indicated an isosbestic point of SBFI slightly below 340 nm [2, 36].
However, with conventional imaging systems, excitation below 340 nm is not feasible. As described above,
calculating the ratio R (AF at 340nm/AF at 380nm) makes the measurement independent from cell size,
photobleaching, non-uniform indicator distribution or dye loss from the cell. It also allows to cancel out possible
movement artefacts that may arise in tissue or in cultured cells. These factors have an identical effect on both
wavelengths and are therefore eliminated while the ratio is calculated. The ratiometric approach thus enables
direct comparison between different experiments and quantitative measurement of signals.

SBFI can also be employed in the emission ratio mode [37]. Here, cells are excited at a single wavelength
(340 nm) and fluorescence emission is collected at both 410 nm (em, A; sodium-sensitive wavelength) and 590
nm (em; A; virtually sodium-insensitive wavelength). Hence, the use of special UV-lasers enables high resolution
ratiometric measurements with a confocal laser scanning system.

2. Sodium Imaging Techniques
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2.1 Loading of Sodium Sensitive Dyes

Cell loading procedures for soluble sodium indicators can be divided into two categories. First, bulk loading
procedures can be applied, which result in the staining of several cells. Second, cells can be filled individually.
Loading of cell populations is most commonly achieved by employing acetoxymethyl ester (AM-) derivates of
fluorescence indicators. Single cell loading is performed by delivery of the cell-impermeable salt via a sharp
microelectrode, a patch-pipette or by electroporation, respectively.

The AM-ester form (in case of Sodium Green the tetraacetate form) is lipophilic and has therefore the ability
to pass the cell membrane. Once inside the cell, non-specific cytosolic esterases remove the lipophilic moiety,
and the polar dye is unable to passively cross the plasma membrane again. AM-loading is a well feasible and
basically non-invasive method to stain dissociated cells grown in culture as well as cells in tissue slices. For
brain tissue slices the so-called “bolus injection” is recommendable for AM ester loading (see [38]). For loading
of sodium dyes, the procedure is described in detail by earlier publications from our laboratory (e. g. [10], [3]).
In brief, the sodium indicator (final concentration in the pipette ~150uM) is repeatedly pressure-injected into the
tissue through a fine-tipped glass microelectrode. After some time needed for de-esterification of the dye (~30
min), both neurons and glial cells in brain slices show acceptable staining (Figure 2). It is of note, that AM-
loading works best at room temperature. Higher temperature (for instance when loading in the incubator at 37°
Cel.) increase compartmentalization of the indicator in cellular organelles. Furthermore, in the absence of a
perfusion system tissue degeneration is promoted, probably due to accumulation of toxic by-products that are
generated during the de-esterification (formaldehyde and acetic acid).

Using AM-ester loading, many cells can thus be stained at the same time. Dead or damaged cells do not stain
since dye de-esterification is necessary. Because AM-ester loading results in a high background label, bulk
loading of ion indicators can only be used for detection of ion signals from the cell body and thick processes. If
signals are to be recorded from fine cellular compartments and with low background, single-cell loading has to
be employed [40].

To introduce the sodium indicator into single cells by the patch-clamp technique (described in detail by [2, 10,
32, 41]), or by electroporation (see [42, 43] for details, respectively), the membrane-impermeable acid salt of the
sodium indicator is used. Compared to bulk loading, single-cell loading results in a superior signal-to-noise ratio
with low background. Of note, relatively high indicator concentrations have to be used in the patch-pipette (0.5—
2 mM) to result in acceptable fluorescence emission. Depending on the cell size and morphology, dye diffusion
from the cell body to the most distal parts takes several minutes to up to one hour. When using a patch-pipette
for loading, imaging can either be performed with the patch-pipette attached, which allows continuous
monitoring of electrical signals in the cell, but also inherits all disadvantages brought about by the dilution of the
cell with the intracellular saline and wash-out of intracellular molecules, respectively. Alternatively, if electrical
signals must not be recorded, the patch-pipette can be carefully withdrawn after several minutes and the cell be
allowed to reseal (see [3]).

For electroporation, the pipette containing the sodium indicator has to be positioned close or in direct contact
to a chosen cell. By application of an electric field, the cell membrane permeability is temporary enhanced, thus
allowing for dye diffusion into the cell. The parameters of the electric current pulse have to be determined for
each cell type and the cell size separately and great care has to be taken to ensure viability of the electroporated
cell (see [44]).
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A Bulk loading with SBFI-AM

epifluorescence ‘ ‘twa-photon

transmission

B Single cell loading with SBFl-salt

epifluorescence two-photon

Figure 2. (A) Top left: epifluorescence images of the labeling pattern of SBFI (green) after AM bulk loading of a
hippocampal acute slice. Top centre: astrocytes were co-stained with SR-101 (red; see [39]). Bottom left and centre: the
transmitted light image and the merge of both fluorescence channels. Right: SBFI-AM and SR-101 staining as well as the
corresponding merge of a hippocampal slice taken with a two-photon laser-scanning microscope. (B) Epifluorescence (left)
and two-photon (7ight) image of a SBFI-filled hippocampal astrocyte (excited with 380 and 790 nm, respectively). The dye
was in both cases introduced via patch-pipette. (A, right) Assembled and reproduced, with permission, from [39]; (B, right)
courtesy of Julia Langer. All other images: A. E. Schreiner, unpublished.

2.2 Calibration of SBFI fluorescence

When employing a ratiometric, selective indicator, [Na']; is not measured directly. It is, however, possible to
calibrate the fluorescence signals and to construct calibration curves which then allow to convert the
fluorescence signals into [Na'];. Thus, a calibration procedure is recommended, which basically consists of
recording fluorescence signals in response to defined and known changes in [Na']; The calibration of the
absolute [Na']; values in situ can be either performed after each physiological experiment or in separate
experiments.

As described above, the basic properties of SBFI strongly differ in vitro and inside the cell, and it is thus
necessary to perform calibrations in situ to obtain realistic values. For in situ calibration of intracellular SBFI
fluorescence, either bulk-loaded or dialyzed cells are perfused with calibration solutions containing different
sodium concentrations as well as ionophores (3 uM gramicidin D, 10 uM monensin) to equilibrate extra- and
intracellular sodium concentrations (Fig. 3). Gramicidin D equilibrates Na', K, H" and monensin adjusts the
controlled external Na', H' concentration to the ion concentration within the cell. Additionally, 100 #M ouabain
may be added to the calibration solutions to block Na'/K'"ATPase activity and to promote equilibrium.

The first step to induce the equilibrium of sodium across the plasma membrane is the perfusion of the cells
with a Na'-free extracellular saline (ONa) containing the ionophores and ouabain. Once a stable fluorescence
emission in the ONa solution is reached, calibration solutions of different Na" concentrations are successively
administered (e.g. 10, 20, 30, 40, 50 and 100 mM Na"). For the chosen sodium concentrations the sequential
arrangement should be altered randomly in different calibration experiments in order to avoid time-dependent
artefacts. As illustrated in Fig. 3, stepwise changes in sodium concentration lead to stepwise changes in the
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monitored ratio fluorescence intensity in the presence of ionophores. Plotting the ratio against the sodium
concentration reveals a virtually linear relationship between [Na']; and the ratio in the range of 10 and 40 mM
Na'. Hence, calibration of SBFI can be reliably employed to convert relative fluorescence intensity values into
absolute sodium concentrations, based on the linear correlation of both factors within this range.
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Figure 3. Calibration of SBFI fluorescence signals in astrocytes in organotypic mouse hippocampus slices. Cells were bolus-
loaded and then subjected to calibration solutions with defined sodium concentrations, supplemented with ouabain and
ionophores for equilibration of extra- and intracellular sodium. The upper graph demonstrates that stepwise changes in the
extracellular sodium concentration from 0 to 40 mM result in stepwise changes in the fluorescence ratio of SBFI F(340/380).
In the lower graph, the relationship between changes in fluorescence ratio AF(340/380) and [Na'];is plotted and normalized
to the ratio in sodium-free calibration saline. Shown are mean values + S.E.M. (n = 107). The fit reveals a virtually linear
relationship between 10 and 40 mM sodium. Within this range (and in the employed imaging system, see below), a 10%
change in fluorescence emission corresponds to a change of about 5.5 mM sodium (Schreiner and Rose, unpublished).

2.3 Equipment and Technical Aspects

Dynamic wide-field fluorescence imaging can be utilized to perform quantitative sodium imaging. Fig. 4 shows
a conventional imaging rig as it is used in many laboratories. Most commonly, a variable scan digital system is
used (e.g. distributed by TILL Photonics). This assembly consists of (I) a monochromator as light source, i.e. an
optical device that generates light of a selected wavelength at a given instant, (II) a microscope that is equipped
with a suitable dichroic mirror, emission filter sets and objectives, (III) a charge coupled device (CCD) photon
detector, for detection of fluorescence intensity changes, (IV) a control device for exact synchronization of the
requested computer commands and the monochromator and (V) a computer with an imaging software for data
digitalization and storage. The monochromator provides excitation light of a given wavelength and allows the
rapid change between excitation wavelengths. With ratiometric imaging and conventional cameras working at
video rates, acquisition rates of up to 15 Hz are possible.
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Figure 4. Setup for quantitative sodium imaging experiments, as used for sodium imaging in hippocampal brain slices in the
author’s laboratory. The pump provides constant perfusion with saline to ensure viability of the tissue. Pneumatic drug
ejection is used for bolus loading and for application of drugs.

2.4 Quantitative Sodium Imaging Experiments

For sodium imaging, as for all experiments using fluorescence, great care has to be taken to minimize excitation
and to prevent phototoxicity which can occur as by-products of photobleaching. Another important point to
consider is that the maximal amplitude of sodium signals that can be obtained in cells is about 140 mM
(corresponding to the complete equilibration of extra- and intracellular sodium), which is only about the 10-fold
the intracellular sodium concentration at rest. Such equilibration, however, probably never occurs under
physiological conditions. Sodium signals in spines of hippocampal neurons induced by short-burst activity
amounted to maximally 30 mM [41], while sodium transients in astrocytes are in the low mM range [2]. This is
fundamentally different from calcium signals, which arise from a background of 50-100 nM and may amount to
several uM. Given the relatively low quantum efficacy of SBFI and other sodium dyes as compared to available
calcium dyes, it becomes clear that sodium imaging necessitates optimal imaging conditions including maximum
care to optimize the signal-to-noise ratio. To prevent cell damage by the energy-rich UV illumination, the
detector sensitivity should first be maximized within the limits resolution permits, before enhancement of the
excitation light. Increases in [Na']; are reflected by decreases in the fluorescence emission of SBFI at 380 nm
excitation, thus, the baseline fluorescence emission may not be set too low.

Figure 5 shows an example of sodium imaging in an organotypic slice culture of the mouse hippocampus
(Schreiner and Rose, unpublished), which was bulk-loaded with SBFI-AM after labeling of astroglial cells with
sulforhodamine-101 (SR-101; Fig. 2A & 4A; see [39, 45]). SR-101 enables to reliably identify astrocytes,
whereas SBFI is taken up by virtually all cell types in the brain. Three regions of interest (ROIs) were defined
for fluorescence emission collection at 340 and 380 nm, specifying a background region, a neuronal and an
astrocytic cell body, respectively. To induce a sodium signal in both cell types, 1 mM D-aspartate was applied by
local pressure injection. This causes influx into neurons by activating ionotropic glutamate receptors of the
NMDA type, and in astrocytes by activating sodium-dependent glutamate uptake (see [2]).
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Application of D-aspartate caused a slight decline in fluorescence emission intensity at ex A 340 and a large
one at ex A 380 nm of both, the astrocytic and the neuronal soma region. At the same time, virtually no change is
detectable in fluorescence emission intensity of the background region at both excitation wavelengths (Fig. 5B).
The fluorescence emission change recorded at ex A 340, the weakly sodium-sensitive wavelength, can partly be
ascribed to the higher absorbance of the locally applied D-aspartate diluted in HEPES- buffered ACSF (artificial
cerebrospinal fluid) compared to the bicarbonate buffered ACSF with which the slices are constantly perfused
(not shown). This artefact, though, influences the emission at both wavelengths in an identical manner and is
overcome by ratio calculation (see paragraph 2.5).
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Figure 5. Sodium imaging with the sodium indicator SBFI using wide-field, ratiometric approach. Local puff application of 1
mM D-aspartate resulted in a rise in the intracellular sodium concentration of both, neurons and astrocytes in the
hippocampal CA1 subregion. (A) shows a SBFI labeling after AM bulk loading, the corresponding labeling of astrocytes
with SR-101, the merge of both fluorescence channels, and the transmitted light image in which the application pipette can be
seen on the left. Fluorescence intensities were collected from the selected regions of interest (ROIs) indicated in (A). (B)
illustrates the single fluorescence intensities collected from each ROI at 340 and 380 nm. (C) Background corrected ratio
values R. (D) Normalized ratio values 4R/R, which can be translated into sodium concentrations after determination of the
conversion factor by calibration (Schreiner and Rose, unpublished).

Subsequent to sodium imaging experiments, data post-processing is accomplished. The considerations stated
in the following apply in particular to measurements in the intact tissue. First of all one has to consider
background fluorescence (Fy,) as interfering factor, because it may distort intracellular measurements. One
component of background fluorescence is autofluorescence, that is the light emission of endogenous
fluorophores in the tissue. In case of SBFI excitation, autofluorescence is in large part due to NADH/NADPH
fluorescence (ex A 290/340 nm) which, because of its low intensity (10% of basal SBFI fluorescence), is
however, largely negligible [2].

A second component of background fluorescence consists of dye in the extracellular space that sticks on
membranes. This is especially critical when using bulk-loading, where the dye is injected into the tissue at a high
concentration. Because the background fluorescence may change during an experiment (e.g. due to
photobleaching or diffusion of the dye in the extracellular space), a dynamic, rather than a static background
correction should be performed. This can be done by selecting a region of interest (ROI) which is free of clearly
visible cellular structures and in which fluorescence emission is then recorded continuously and in parallel to the
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ROIs positioned on cellular structures. Importantly, determined background levels must be subtracted from the
cellular fluorescence intensities before ratio calculation for each excitation wavelength (e. g. for SBFI: F34-
Fbg‘a40:F 340corr and F 380'Fbg380:F 380corrs SEC Fig. 50).

After calculation of the ratio R, the values can be further processed by normalization to baseline values, thus
yielding AR/R (Fig. 5d). Translation of the relative AR/R values into sodium concentrations can be accomplished
after SBFI calibration was performed (see paragraph 2.2).

3. Limitations of Ratiometric Sodium Imaging

In contrast to the large toolbox of fluorescence-based calcium indicators, only few sodium indicators are
available. Also, no genetically-encoded sodium indicators do exist to date. As mentioned above, sodium
indicators exhibit a relatively low quantum yield and the changes in fluorescence upon Na' binding are quite low
(rarely exceeding 10-20%, compare Fig. 3) with a consequential unfavourable signal-to-noise ratio. Although
reliable quantitative ratiometric sodium imaging is feasible with SBFI, several other drawbacks of this technique
exist. While SBFI per se is not toxic and there haven’t been any pharmacological effects of the indicator
demonstrated yet, it is excited with high-energetic UV light which may cause formation of radicals and cellular
damage. In addition, UV excitation is suboptimal for imaging deep in tissues due to strong scattering of short-
wavelength light and an enhanced interference from sample autofluorescence. This drawback can, however, be
circumvented using 2-photon excitation [32, 41].

Unlike for calcium, the possibilities for controlled experimental manipulation of intracellular sodium
concentrations are restricted. No caged-compounds for sodium are available to date, and no experimentally
applicable sodium chelators or buffers do exist. Furthermore, for none of the fluorescent sodium indicators, high-
molecular weight dextran-compounds (e. g. 10.000 MW) are accessible, which would enable a direct comparison
between “stationary” (that is non-diffusible) dye and low molecular weight indicators (< 1.000 MW). In this
context, it is also important to keep in mind, that experimental manipulation of intracellular sodium
concentrations is not trivial, because sodium ions are central cellular charge carriers and the sodium
concentration is intimately related to the potassium concentration via the Na'/K'-ATPase. Thus, manipulation of
sodium has fundamental consequences on the electrophysiological properties of neurons.

Compared to the sophisticated procedures necessary for calibration of intracellular calcium signals, calibration
of SBFI is fairly simple and straightforward in respect to the determination of the K4 value and the conversion of
relative fluorescence to concentration values, because calibration solutions with different sodium concentrations
in the mM range can reliably and easily be prepared.
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Graphical Abstract

The glial glutamate transporters GLAST and GLT-1 are essential for the maintenance of low
extracellular  glutamate  levels.  Performing a  comparative analysis  using
immunohistochemistry, western blotting and high-resolution fluorescence microscopy, we
uncover a remarkable subcellular heterogeneity of their laminar and subcellular expression
profile in the developing postnatal mouse hippocampus. While GLAST is distributed rather
homogeneously, GLT-1 is clustered at perisynaptic processes and astrocyte endfeet, indicating

that it might serve a specialized role during formation of the hippocampal network.
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Abstract

Astrocytes express two sodium-coupled transporters, GLAST and GLT-1, which are essential
for the maintenance of low extracellular glutamate levels. Here, we performed a comparative
analysis of the laminar and subcellular expression profile of GLAST and GLT-1 in the
developing postnatal mouse hippocampus using immunohistochemistry and western blotting
and employing high-resolution fluorescence microscopy. Astrocytes were identified by co-
staining with GFAP or S100B. In CAl, the density of GFAP-positive cells and GFAP
expression rose during the first two weeks after birth, paralleled by a steady increase in
GLAST immunoreactivity. Up-regulation of GLT-1 was completed only at postnatal days (P)
P20-25 and thus delayed by about ten days. Western blots further revealed a differential up-
regulation of multimeric and monomeric forms of GLAST and GLT-1 during this period.
GLAST staining was highest along stratum pyramidale and was preferentially expressed in
astrocytes at P3-5. GLAST immunoreactivity showed no preferential localization to a specific
cellular compartment. GLT-1 exhibited a laminar expression pattern from P10-15 on, with
highest immunoreactivity in the stratum lacunosum-moleculare. At the cellular level, we
found that GLT-1 immunoreactivity did not entirely cover astrocyte somata and exhibited
clusters at perisynaptic processes. In juvenile animals, discrete clusters of GLT-1 were also
detected at perivascular endfeet. Our results thus uncover a hitherto unnoticed and remarkable
subcellular heterogeneity of GLAST and GLT-1 expression in the developing hippocampus.
The clustering of GLT-1 at astrocyte endfeet indicates that it might serve a specialized

functional role at the blood-brain barrier during formation of the hippocampal network.
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Introduction

Glutamate is the major excitatory neurotransmitter of the central nervous system. Upon its
release into the extracellular space, it is efficiently removed by high-affinity, sodium-
dependent glutamate transporters, located at neuronal and glial plasma membranes (Danbolt,
2001; Rothstein et al., 1994). Astrocytes, which express the glutamate transporters
GLAST/EAATI1 (glutamate-aspartate transporter/excitatory amino acid transporter 1; Storck
et al., 1992) and GLT-1/EAAT?2 (glutamate transporter 1/ excitatory amino acid transporter 2;
Pines et al., 1992), account for the majority of the glutamate uptake activity in the brain
(Danbolt et al., 1992; Matsugami et al., 2006). Glial glutamate uptake results in a fast decline
in the extracellular glutamate concentration, shapes the time course of synaptic conductance,
contributes to the input specificity of glutamatergic synapses, and prevents excitotoxicity
(Danbolt, 2001). Furthermore, Na' signals accompanying glutamate uptake have been
proposed to serve a central role in coupling glial to neuronal metabolism (Allaman et al.,
2011; Deitmer and Rose, 2010).

In addition to their function at established synapses, glutamate transporters have also
been assigned a critical role during development and maturation of neuronal networks
(Kudryashov et al., 2001; Nosyreva and Huber, 2005), by regulating neuronal migration
(Matsugami et al., 2006; Shibata et al., 1997), proliferation (Gilley and Kernie, 2011), and
synapse formation and function (Matsugami et al., 2006). In the hippocampus proper, as in
most brain regions, neurogenesis is largely completed at birth, while gliogenesis and
astrocytic maturation are still in progress and parallel dendritic growth and synaptic
maturation (Freeman, 2010; Ming and Song, 2005; Pfrieger, 2002). Astrocyte differentiation
comprises reorganization of fine processes and formation of defined cellular domains

(Bushong et al., 2004), formation of the gap junctional network (Schools et al., 2006), as well
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as alterations in ion channel and transporter expression (Bordey and Sontheimer, 1997; Seifert
et al., 2009).

The general expression pattern of astrocytic glutamate transporters has been the focus
of several investigations (Danbolt, 2001). Earlier studies employing immunohistochemistry at
the ultrastructural level showed that in the rat hippocampus and cerebellum both, GLAST and
GLT-1 transporters are located close to synapses and at a lower level at perivascular astrocyte
endfeet (Chaudhry et al, 1995; Lehre and Danbolt, 1998; Lehre et al., 1995).
Immunohistochemistry on the light microscopic level and immunoblotting further revealed
significant differences between different brain regions and established a general increase in
glutamate transporter expression from birth to adulthood (e.g. Furuta et al., 1997; Rothstein et
al., 1994; Ullensvang et al., 1997). In addition, it was found that GLAST is predominately
expressed by radial glial cells and immature astrocytes, while GLT-1 is regarded as the major
transporter of mature astrocytes (Hartfuss et al., 2001; Yang et al., 2009).

Because astrocytes are decidedly polarized cells, with delicate perisynaptic processes
contacting synapses on one side and highly specialized endfeet contacting blood vessels on
the other (Mathiisen et al., 2010; Reichenbach et al., 2010), glutamate transporter expression
might be heterogeneous not only in respect to development, but also at the cellular and
subcellular level. In the present study, we therefore characterized the laminar and subcellular
protein expression profile of GLAST and GLT-1 hippocampus of mice during postnatal
development using immunohistochemistry, western blot analysis and high-resolution

fluorescence microscopy.
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Materials and Methods

Animals and tissue preparation
All experiments were carried out in accordance with the institutional guidelines of the
Heinrich Heine University Duesseldorf as well as the European Communities Council
Directive (86/609/EEC). Balb/c mice (mus musculus) of both genders at different postnatal
stages (P3-P5; P10-P15; P20-P25; adults (P60-P70)) were used for this study. Animals older
than postnatal day 10 (P10) were decapitated following CO, anesthesia, which was omitted in
younger animals. Brains were quickly removed and immersion-fixed for two to three days at
4°C in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS). The tissue was stored
in PBS for at least one day at 4°C until it was sliced at a vibratome (Campden Instruments
Ltd., Leicester, UK). Transversal hippocampus sections (30 pm) were used for
immunohistochemical processing. For stimulated emission depletion (STED) microscopy,
slices of P15 animals were prepared at a HM 650 V vibratome (8 pum, Thermo Scientific,
Germany).

All chemicals were purchased from Sigma-Aldrich Chemical (Germany) if not stated

otherwise.

Antibody characterization

All antibodies employed in this study are listed in table 1. The following antisera,
representing well established, commercially available standard markers, were utilized in this
study: guinea-pig GLT-1 antiserum directed against the C-terminus of rat GLT-1 (Millipore
Corp., Ireland; e.g. Benediktsson et al., 2012), guinea-pig GLAST antiserum directed against
the C-terminus of rat GLAST (Millipore Corp., Ireland; e.g. Zhou et al., 2006). Beyond
previous studies showing validation of these antibodies (Suaréz et al., 2000; Zhu et al., 2008;

Brunne et al., 2010) a detailed characterization of both is provided by the present study.
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For specific identification and morphological characterization of astrocytic cells,
polyclonal rabbit antibodies against GFAP (GFAP-pAb; Dako Cytomation, Denmark; Wu et
al., 2005; Brunne et al., 2010) and S1008 (Abcam, United Kingdom; Magavi et al., 2012)
were employed. As the specific epitope(/s) of GFAP-pAb was (/were) not determined, we
compared the gained staining pattern with results obtained with a monoclonal mouse antibody
detecting GFAP (GFAP-mAD) (Sigma Aldrich, Germany; Olabarria et al., 2010; Brunne et al.,
2010).

Initial control experiments employing double-labeling with antibodies for neuronal
structures and the antibodies used in the present study never showed colocalization,
suggesting that the labeling presented here is of pure glial nature.

According to manufacturer, the GFAP-mAb epitope amino acid sequence is:
LQSLTCDVESLRGTNESLERQMREQEERHAREAASYQEALTRLEEEGQSLKDEMARH
LQEYQELLNVKLALDIEIATY. The database UniProt-KnowledgeBase revealed that this
sequence corresponds to a part of the coil IIb structure of the rod domain. Both, GFAP-mAb
and —pAb labeled the same cells and subcellular compartments, however more structures were
visualized by GFAP-pAb. All three antibodies (S1008, GFAP-mAb and —pAb) reliably stained
cells that could be either identified by prior SR-101 incorporation, which is a vital dye
exclusively taken up by astrocytes, or cells expressing GFP under the GFAP promoter (data
not shown). Thus these antibodies can be considered specifically recognizing their supposed
target. Moreover, virtually all S1008 positive cells stained positive for GFAP (data not
shown).

Standard fluorochrome-conjugated antibodies (AlexaFluor, Invitrogen) were used as
secondary antibodies for immunohistochemistry. To visualize immunoblots, HPR-conjugated
antibodies were used (for details see table 1).

All antibodies used for immunohistochemistry were employed for western blot

analysis. To assure comparability, the investigated specimen was in both cases murine
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hippocampal tissue. For all antibodies used, pattern of bands and their molecular weight was
comparable with calculated (e.g. utilizing the EXPASy compute pl/Mw tool) and experimental
data published by other groups (e.g. Haugeto et al., 1996; Suaréz et al., 2000; Brunne et al.,

2010).

Immunohistochemistry
Hippocampal sections were permeabilized and blocked in PBS containing 0.25% triton-
X100(TX) and 2% normal goat serum (NGS, Invitrogen; blocking reagent) for 90 min at 4°C
followed by incubation with rabbit-anti-GFAP (1:1000) or rabbit-anti-S1008 (1:100, in
blocking reagent) over night at 4°C. After 5 washes (2x brief, 3x 15 min), sections were
incubated either with guinea pig-anti-GLAST or with guinea pig- anti-GLT-1 (both 1:1000, 4
hrs. at room temperature; RT). All following working steps were likewise performed at RT.
Excess primary antibody was removed with 5 washes (2x short, 3x 15 min) using 2%NGS in
PBS. Anti-rabbit-AlexaFluor594 and anti-guinea pig-AlexaFluor488 were used for
visualization of antibody binding (both 1:100, 2%NGS/PBS, 2 hrs.). Following 6 washes in
PBS (10 min each), a DAPI (Invitrogen) counterstain was performed. The slices were washed
for another 3 times (10 min) and mounted on glass slides with mowiol/DABCO (Calbiochem,
Fluka). For super-resolution microscopy, biotinylated anti-guinea pig (1:50, 2%NGS/PBS, 2
hrs.; Biozol, Germany) together with streptavidin-conjugated Atto 647N (1:100,
2%NGS/PBS, 2 hrs.); Atto Tec, Germany) and Chromeo 494 (Active Motive, Germany) were
employed as secondary antibodies (1:100, 2%NGS/PBS, 2 hrs.). Labeling patterns were
identical to those found with the Alexa fluorophores.

Identical conditions in tissue processing were employed in all individually performed
stainings. Negative controls were run in parallel to each staining by either omitting all or one
of the primary antibodies. Control stainings omitting one of the primary antibodies exhibited

identical labeling patterns for the remaining antibody as for the doublestainings. Excluding
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both primary antibodies never resulted in a staining. This was equally true for tissue processed
for confocal and for STED microscopy.

Changes in the number of GFAP-immunopositive cells in the hippocampal CAl
subregions (strata oriens, pyramidale and radiatum) of the different age groups were assessed
utilizing maximum projections of whole frame confocal z-stacks (159.84 x 119.84 um, 30 pm
thick Z-stack, 30 optical sections each 1 um). Independent measurements were performed for
each age cohort. Densities of GFAP(+) cell bodies were calculated per volume tissue, on the
basis of the field of analysis and the thickness of the tissue probe imaged. All GFAP(+) cell
bodies depicted in a given frame were treated as a count. Data on the experimental groups

were expressed as the mean number of cells + standard error of the mean (S.E.M.).

Western blotting

For western blotting, whole hippocampi or the hippocampal CA1 subfield including the strata
oriens, pyramidale and radiatum were excised, frozen in liquid nitrogen and homogenized at
4°C in RIPA (radio-immunoprecipitation assay) buffer containing 1% deoxycholic acid (NP-
40), 0.25% sodium deoxycholate, protease inhibitors (CompleteMini, Roche, Germany), 150
mM NaCl and 50 mM Tris-HCI adjusted to a pH of 7.4. The homogenate was centrifuged at
13.000 g for 10 min and 4x Laemmli sample buffer (5% sodium dodecyl sulfate (SDS),
43.5% glycerol, 100mM DL-dithiothreitol (DTT), 0.02% bromphenol blue, 20% 2-
mercaptoethanol, 125 mM Tris-HCI adjusted to a pH of 6.8) was added to the supernatant.
Proteins were electrophoretically separated on 10% gels by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Subsequently, the proteins were transferred
electrophoretically to PVDF membranes (Polyvinylidene fluoride). Strips of the PVDF
membranes were pre-incubated in PBS containing 0.1% tween and 5% milk powder over
night at 4°C. To this blocking solution, either guinea pig-anti-GLAST, guinea pig-anti-GLT-1

or rabbit-anti-GFAP were added in a 1:2000 dilution and applied to the PVDF membrane for 1
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hour (RT). Bound immunoglobulins were visualized using horseradish peroxidase-conjugated
goat anti-rabbit or goat anti-guinea pig IgG in a 1:2000 dilution (incubated for 30 min at RT)
and the enhanced luminol chemiluminescence technique (ECL-kit, Amersham, Germany). In
parallel, a detection of the relative protein content of every probe was performed using an
antibody against o-actin. The resulting chemiluminescence was detected using the
luminescent image analyzer LAS-4000 (Fujifilm Europe GmbH, Germany).

For standardization of the probes, an a-actin alignment was performed. Since many
proteins change in their expression quantity during postnatal development, leading to
incorrect standardization, we additionally performed a GAPDH and o-tubulin alignment of
the a-actin alignment (Suppl. Fig. 1). This control experiment demonstrated no difference
between a-actin and the housekeeping protein GAPDH, but an increase in a-tubulin protein
levels. These results are in line with findings showing that the expression of the al and a2
isoform remains constant during the postnatal period, whereupon other o-tubulin isoforms
exhibit an increase in protein levels during development. Thus, pan-detection of a-tubulin was
not suitable for normalization of protein contents of different age stages during the first
postnatal weeks and a-actin was used instead in this study.

Western blot data were quantified using Axiovision software (Zeiss, Germany).
Background-corrected grey values of the given protein were divided by the a-actin grey value.

All resulting data were normalized to the value determined for the adult animals.

Confocal and STED microscopy and image processing

Immunofluorescence was analyzed by a confocal laser scanning system at an Olympus
BX51WI microscope (FV300, Olympus, Germany). Images were collected with either a
20x/0.50 (UMPIanFl, Olympus), a 40x/0.80 (LUMPIlan, Olympus) water immersion or a
60x/1.40 (PlanApoVC, Nikon, Germany) oil immersion objective. A Kalman filter 4 was

applied for every scan. Fluorescent images labeled with AlexaFluor488 and AlexaFluor594
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were collected using an excitation wavelength of 488 (multiline argon ion laser) and 543 nm,
respectively (helium neon laser; both Melles Griot, Germany). Simultaneous or sequential
scanning of both fluorophores revealed no difference in their staining pattern, indicating no
cross-excitation or spectral bleed-through. Stacks of optical sections (1 pum) were taken.
Extended focus images are shown as indicated in the figure legend and were calculated from
z-stacks of optical sections using ImageJ software (NIH, USA). Images were overlaid or
inverted employing Adobe Photoshop CS2 (Adobe Systems, CA). The PMT settings and the
image processing were kept constant when comparing the different age groups.

To improve spatial resolution, documentation of sets (n=5) of immunofluorescence-
labeled tissue slices was further performed by taking advantage of super-resolution
microscopy employing a Leica TCS SP5 STED (stimulated emission depletion; Leica
Instruments, Mannheim; Germany) with a 100x /1,4 NA STED oil objective (Leica
Instruments, Mannheim; Germany). Fluorophores were excited by pulsed lasers (excitation
wavelengths: 531 nm and 635 nm; Pico Quant, Berlin, Germany). Depletion was achieved by
a MaiTai HP BB laser (SpectraPhysics, Darmstadt, Germany) at 750 nm. Every image
underwent 2D deconvolution using LASAF software (Leica Instruments, Mannheim;
Germany). Color coding and slight adjustments in brightness of the final figures were done
with Adobe Photoshop CS2. For adjustment in brightness, all images were corrected with the

identical settings.

Statistics

Unless specified otherwise, data are expressed as means = S.E.M.. Data were analyzed using
an unpaired student’s t-test. In all cases, a p value < 0.05 expressed a significant difference (*
p <0.05; ** p <0.01; *** p <0.001). “n” represents the number of slices and “N” the number

of individuals, if not stated otherwise.
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Results

GFAP expression in the developing hippocampal CAI region
For identification of astrocytes, we used GFAP, a well-characterized and widely used marker
for mature astrocytes including at least a subset of radial glial cells (Brunne et al., 2010;
Middeldorp and Hol, 2011). We first established the time course of GFAP expression as well
as the number of GFAP-positive cells during postnatal development in our preparation by
immunohistochemistry and western blot analysis. To this end, we employed a polyclonal
antibody against GFAP, which exhibited favorable properties compared to a monoclonal
antibody tested for this study. Preliminary tests revealed that GFAP-pAb binds to more
astrocytic structures, particularly in neonate astrocytes and radial glial cells, and that extra
protein bands are detected in western blots, the molecular weight of which matches well the
specific GFAP isoforms (not shown; Middeldorp and Hol, 2011). Thus, we employed GFAP-
pADb for our study as astrocytic pan-marker, as proposed earlier (Brunne et al., 2010).
Labeling the hippocampal CA1 region for GFAP revealed considerable changes in the
density and the distribution of GFAP-immunoreactive structures during postnatal
development (Fig. 1A). From P3-5 to P10-15, the density of GFAP-immunoreactive structures
exhibiting astroglial morphology increased especially within the strata oriens and radiatum.
In parallel, the volume of the hippocampal layers increased. Afterwards, these parameters
remained stable until adulthood. Morphological analysis at the cellular level revealed that the
structure, which was labeled by GFAP immunoreactivity, changed its intracellular
organization during the first postnatal weeks (Fig. 1B). In general, the GFAP-
immunoreactivity in the neonate hippocampus at P3-5 appeared frayed and rough (Fig. 1B).
Later on, the GFAP-immunoreactive structures became more and more evenly shaped and
homogenously distributed (Fig. 1B) pointing to a rearrangement and modification of the

intracellular GFAP network.
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Cell counting in the CA1 region of the hippocampus revealed that the number of
GFAP-immunoreactive cells per pm?® triplicated from P3-P5 to P10-P15 (3.3 £ 0.2 and 10.8 +
0.4 GFAP-positive cells per 100,000 pm’, respectively; Fig. 1C). Thereafter, a stable value of
approximately 7 GFAP-positive cells per 100,000 pm® was found for the juvenile and adult
(7.8 £ 0.3 and 7.4 + 0.3 per 100,000 um®). In aged animals (18 months), this value was
maintained (6.7 £ 0.2 per 100,000 pm®; data not shown). In summary, our results show a
strong increase in the density of GFAP(+)-astrocytes in the second postnatal week. Between
P10-15 and P20-25, cell density declined again, probably due to increasing tissue volume
during this period.

To quantitatively determine the relative GFAP expression levels, we performed a
western blot analysis of the hippocampal CA1l subregion including the strata oriens,
pyramidale, radiatum and lacunosum-moleculare. The 50 kDa GFAP protein content detected
in the CA1 homogenates increased abruptly between P3-P5 and P10-15 (3.1-fold; p < 0.01)
and remained constant thereafter (P20-P25 and adult tissue; Fig. 1D and 1E).

Taken together, our results confirm that overall GFAP expression, the number and the
morphology of GFAP-immunoreactive cells in the hippocampal CA1l region undergo

substantial changes during postnatal development.

Distribution of GLAST-immunoreactivity in CAl

To visualize astroglial glutamate transporter expression, we performed double stainings
detecting either GLAST or GLT-1 together with GFAP in neonate (P3-P5), early postnatal
(P10-P15), juvenile (P20-25) and adult mice (P60-P70). In the neonate hippocampus (P3-P5),
prominent GLAST-immunoreactivity (IR) was observed in the CA1 region, particularly in the
radially elongated GFAP-positve processes that traverse the strata oriens and pyramidale.
GLAST-immunoreactive (IR) cells without GFAP labeling were only found in exceptional

cases (Fig. 2A-C). In the stratum radiatum, mainly astrocytic cell bodies were labeled for
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GLAST (cf. Fig. 5). Both, the GFAP as well as the GLAST-labeling pattern in this layer
exhibited a narrow stellate morphology.

At P10-P15, some of the astrocytes traversing the pyramidal cell layer showed an
intense immunoreactivity alike the unipolar radial processes observed in the neonate (Fig. 2D-
F). Compared to earlier developmental stages, these cells showed a more branched
morphology. At P10-15, a characteristic labeling of fine fibers (approximately 0.5 pm in
diameter) crossing almost the entire hippocampal subregion appeared for the first time in the
strata radiatum and oriens (Fig. 2D-F). The strongest GLAST immunofluorescence was still
observed in the stratum pyramidale. Additional punctate GLAST-positive labeling of variable
intensities and densities was found in close association with neuronal somata during all stages
investigated.

The P20-P25 and adult hippocampi showed quite similar labeling patterns for GLAST
(Fig. 2G-L). In the adult, however, fewer astrocytic processes were distinctively labeled by
GLAST and a more homogenous subcellular GLAST distribution was detected. Furthermore,
GLAST-IR puncta, arranged like beads on a chain, passed through the stratum radiatum

perpendicular to the pyramidal cell layer in hippocampi from adult animals.

Distribution of GLT-1-immunoreactivity in CAl

In contrast to GLAST (cf. Fig. 2), GLT-1 showed no differential laminar label at P3-P5 (Fig.
3A-C). Only a few detached GLT-1-IR-cells located either in the strata oriens or lacunosum-
moleculare were detectable. In these cells, GLT-1 was highly accumulated adjacent to
presumptive astrocytic cell bodies (Fig. 3A-C). At P10-15, the GLT-1-IR increased
significantly with the weakest protein levels detected throughout the stratum pyramidale (Fig.
3D-F). Almost all GFAP-positive cells showed immunoreactivity for GLT-1 that was
especially arranged at the proximal, primary processes and dispersed towards the distal

Processes.
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At P20-P25, GLT-1 was distributed over a larger surface of a given astrocyte and
strongly co-localized with GFAP (Fig. 3G-I). In contrast to the inhomogeneous staining
pattern of GLT-1 seen during the first three weeks of postnatal development, a rather uniform
protein distribution was seen in the adult mouse CA1 (Fig. 3J-L). All hippocampal subregions
expect the stratum pyramidale exhibited similar high expression levels. This homogenous
staining pattern might result from the high density of transporter label at GFAP-negative
peripheral astrocytic processes.

In conclusion, a laminar distribution of GLAST and GLT-1 is established during
postnatal development. Both glutamate transporters are expressed in a basically
complementary fashion with GLAST localized predominantly in the s. pyramidale and
predominant GLT-1 localization in other regions of the hippocampus, exhibiting lower levels
in the s. pyramidale. Furthermore, both GLAST and GLT-1 immunoreactivity increase during
postnatal development, though GLT-1 exhibits a delayed rise in labeling as compared to

GLAST.

Developmental changes in GLAST and GLT-1 protein levels
To quantify the relative overall expression levels of both GLAST and GLT-1 in the CAl
region during postnatal development, we performed western blots (Fig. 4). In CAl
homogenates, several bands were detected (Fig. 4A and 4B) that presumably correspond to
the monomeric and the oligomeric forms of the transporters, known to exist as
homomultimers (Haugeto et al., 1996; Peacey et al., 2009). The experimentally determined
molecular weights of the monomeric forms of GLAST (~60 kDa) and GLT-1 (~65 kDa) are in
agreement with calculations using the ExPASy compute pl/Mw tool for murine GLAST (59.6
kDa) and GLT-1 (62.1 kDa).

For GLAST, two additional forms were present: a dominant dimeric (120 kDa) and a

trimeric form (180 kDa; Fig. 4A). Throughout postnatal development until adulthood, the
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dimeric GLAST assembly exhibited the largest protein quantity (Fig. 4A). Both oligomeric
GLAST forms, dimer and trimer, increased from P3-5 to P10-15 (with an initial value of
48.5% and 25.7%, respectively), and remained unchanged thereafter, whereas the monomeric
form increased until P20-P25 (6.5-fold increase from P3-P5 to P20-P25; p < 0.001; Fig. 4C).
The three GLAST complexation types exhibited different protein contents in the adult mouse:
dimeric > trimeric > monomeric form (Fig. 4C).

For GLT-1, the presumed monomeric (~65 kDa), trimeric (~190 kDa) and tetrameric
(>200 kDa) forms increased between P3-P5 and P20-25 (Fig. 4B, D). Both oligomeric GLT-1
forms escalated after P3-P5 (from 5.5% to 41.8% of adult values), the monomeric GLT-1
delayed after P10-P15 (from 12.3% to 94.9% of adult values; Fig. 4D). Both multimeric
forms showed an equal protein content in the adult mouse, the monomeric half of it (Fig. 4B).

Numerical summation of the intensity of the different bands revealed that the overall
GLAST protein content doubled from P3-P5 to P10-P15 (37.6% to 70.3% of adult protein
content; Fig. 4E). Total GLT-1 content did not reach detectable relative protein values until
P10-P15 (35.1% of adult protein content). The protein content more than doubled until P20-
P25 (76.2% of adult protein content; Fig. 4E).

In summary, we found that both GLAST and GLT-1 protein content increase time-
delayed during the first two-three weeks of postnatal development in the CA1 region of the
mouse hippocampus. Furthermore, and as described before, GLAST and GLT-1 visualize as
several bands, representing multimeric assemblies, on SDS-PAGE. These complexation forms

show a differential temporal up-regulation during postnatal development.

Subcellular expression pattern of GLAST and GLT-1
High spatial resolution analysis of immunostainings was performed to reveal the subcellular
distribution of the two glutamate transporter subtypes. To this end, co-staining with S1008, a

glial-specific cytosolic calcium binding protein (Raponi et al., 2007), was carried out to better
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delineate the morphology of the astrocytic cell bodies and processes. This double staining
showed a rather homogeneous GLAST labeling at astrocyte somata as well as on processes
(Fig. 5A). GLT-1, in contrast, showed explicit labeling of processes with only sparse labeling
of the cell body (Fig. 5B).

To further elucidate the subcellular distribution of GLT-1 immunoreactivity in
astrocytes, we employed super-resolution microscopy using dual-color STED-imaging
(stimulated emission depletion microscopy, Meyer et al., 2008; Willig et al., 2006), providing
a spatial resolution of less than 50 nm for fluorescent beads (not shown). Dual-color STED-
imaging resolved clusters of GLT-1 immunofluorescence on astrocyte processes and somata
that were closely associated with intracellular filament structures of GFAP (Fig. 6). Here,
GFAP was labelled with Chromeo 494 (green) and GLT-1 was labelled with Atto 647N
(magenta). The direct comparison with images taken in the conventional confocal mode of the
laser scanning system (Fig. 6) furthermore revealed that STED microscopy resolved GLT-1
clusters as well as GFAP structures that were not detected with confocal imaging.

Analysis of astrocyte endfeet on blood vessels revealed another, rather unexpected
heterogeneity in the subcellular staining pattern of the two transporter subtypes. Already at
P3-P5, a time period when GLT-1 expression was generally very low (cf. Figs. 3 and 4),
pronounced GLT-1 protein clusters were detectable at perivascular endfeet (Fig. 7A). At both
P10-P15 (Fig. 7B) and P25 (Fig. 7A), a labeling of distinct and dense clusters of GLT-1 was
observed on most endfeet. Interestingly, this pattern disappeared almost completely in tissue
derived from adult mice (Fig. 7A). In contrast to this, GLAST was never found to show a
comparable concentration of clusters on astrocytic endfeet (Fig. 7A).

In general, clusters of GLT-1 on astrocyte endfeet seemed to preferentially co-localize
with GFAP (Fig. 7B). A close spatial interrelationship between GLT-1 clusters and GFAP on
perivascular endfeet was confirmed using STED microscopy (Fig. 8). Documentation of

defined sub-resolution multicolor beads revealed a spatial resolution of 40-50 nm. Again,
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STED microscopy enabled resolution of single clusters of GLT-1 that were not visible in the
confocal mode.

In summary, our data reveal a differential expression pattern of the two glutamate
transporters on the cellular level and throughout the postnatal development of the
hippocampus. While GLAST immunoreactivity showed no preferential localization to a
specific cellular compartment, GLT-1 is particularly found in fine astrocytes processes, with
only sparse labeling of the cell bodies. In juvenile animals, distinct GLT-1 clusters were
detected at perivascular endfeet, and these clusters seem to preferentially co-localize with

GFAP.
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Discussion

Our study shows that the density of GFAP-positive cells and GFAP expression increase during
the first two weeks after birth in the CAl area of the mouse hippocampus, paralleled by an
increase in overall GLAST expression. Up-regulation of GLT-1 protein levels is delayed by
about 1 week. Western blots revealed a differential temporal up-regulation of multimeric and
monomeric forms of GLAST and GLT-1 during this period. In addition, our data show that
GLAST increased steadily with highest transporter density in neuronal cell body layers and
was preferentially expressed in astrocytes at P3-5 and by radial glia. GLAST
immunoreactivity was distributed rather homogenously with no preferential localization to a
specific cellular compartment. GLT-1 expression was especially prominent in adult tissue.
Starting at P10-15, GLT-1 exhibited a laminar expression pattern, with highest
immunoreactivity in the stratum lacunosum-moleculare. GLT-1 was only sparsely located at
astrocyte somata, whereas it exhibited discrete clusters at perisynaptic processes and at

endfeet on blood vessels, where they seem to preferentially co-localize with GFAP.

Postnatal changes in the levels and cellular organization of GFAP

GFAP, the principal intermediate filament in mature astrocytes, is a widely used marker to
identify cells of the astroglial lineage including radial glial (Liu et al., 2006; Raponi et al.,
2007; Shibata et al., 1997). We found a strong increase in the density of GFAP-positve cells
from P3-5 to P10-15 in the CA1 area, followed by a reduction of cell density to a stable value
from P20-25 on. The observed initial increase in the number of GFAP expressing cells as well
as the decline after P10-P15 are in agreement with earlier results (Kimoto et al., 2009;
Nixdorf-Bergweiler et al., 1994). These data are also in line with reports showing that GFAP

transcript levels increase until P15 after which they decline again (Riol et al., 1992).
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At the cellular level, the GFAP network resembles a rough, fibrous mesh extending
from the cell body which is progressively straightened during maturation and limited to the
proximal processes (Nixdorf-Bergweiler et al., 1994). Because, under certain conditions,
bundles of GFAP filaments can dissociate and expose more epitopes leading to an artificial
increase in antibody-coupled fluorescence, we performed western blots to quantify changes in
protein levels. These demonstrate that canonic GFAP increases within the first two weeks of
postnatal development, confirming results reported earlier (Kim et al., 2011).

GFAP not only controls astrocytic motility and shape by providing structural stability
(Rodnight et al., 1997), but also serves as a scaffold to anchor proteins at the plasma
membrane (Middeldorp and Hol, 2011). Indeed, Sullivan and coworkers showed that GFAP
serves as a cytoskeleton anchor for GLAST (Sullivan et al., 2007a). GFAP knock-out mice
exhibit a reduction in glutamate transport activity, a decrease in GLAST protein expression
and compromised trafficking of GLT-1 to the plasma membrane (Hughes et al., 2004). In
addition, GLAST expression and its functionality are prerequisites for proper function of
glutamine synthetase and of transmitter clearance in Miiller cells of the retina (Derouiche and
Rauen, 1995; Ishikawa et al., 2011). In astrocytes, it has been demonstrated that decreasing
GFAP levels are accompanied by a rise in glutamine synthetase activity and vice versa (Lieth
et al., 1998; Pekny et al., 1999; Weir and Thomas, 1984). These findings strongly indicate that
changes in the expression and structural organization of GFAP during postnatal development
will also affect the trafficking of glutamate transporters to the plasma membrane and the

functionality of the glutamate-glutamine cycle.

Temporal changes in protein content and multimer composition of GLAST and GLT-1
For analysis of temporal changes in the protein levels of GLAST and GLT-1, we employed
western blots using two antibodies against GLAST and GLT-1. The anti-GLAST was raised

against a synthetic peptide (KPYQLIAQDNEPEKPVADSETKM) corresponding to the
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carboxy-terminus of rat glutamate transporter GLAST. It does not discriminate between
GLAST-1a and GLAST-1b (Vallejo-Illarramendi et al., 2005), two splice variants of GLAST
(Lee and Pow, 2010). The anti-GLT-1 was raised against a synthetic peptide
(AANGKSADCSVEEEPWKREK) corresponding to the carboxy-terminus of rat glutamate
transporter GLT-1. Several splice variants of GLT-1 have been described (Holmseth et al.,
2009; Lee and Pow, 2010), which form homomeric and heteromeric assemblies (Peacey et al.,
2009). Based on the location of the splice sites, it can be assumed that the antibody used here
recognized GLT-1a, but did not label the C-terminal splice variants GLT-1b or GLT-1c.

Our study now shows that the temporal profile of the overall postnatal up-regulation of
the two glutamate transporters differs: while total GLAST already reached adult protein levels
at P10-15; GLT-1 protein content rose until P20-25. This differs from results obtained for
other regions in the rat brain (i.e. cerebellum, striatum, cortex and spinal cord), where GLAST
expression was basically unaltered from P5 to P16, while GLT-1 expression increased steadily
(Furuta et al., 1997). The increase in total GLAST protein levels in the mouse CAl region
thereby essentially parallels the rise in GFAP protein, whereas GLT-1 protein expression does
not necessarily closely follows up-regulation of GFAP levels.

Our data confirmed that GLT-1 and GLAST proteins migrate as monomeric bands, but
also form multimers on SDS-PAGE. While it is generally accepted that glutamate transporters
form multimers (Danbolt, 2001; Haugeto et al., 1996; Peacey et al., 2009), we now report
evidence for a differential up-regulation of the monomeric versus the multimeric forms during
postnatal development. Whereas the relative expression of oligomeric GLAST seems to be
maximal already at P10-15, the expression level of its monomeric form continued to rise until
P20-25. Furthermore, the expression of monomeric GLT-1 surges between P10-15 and P20-25
(increase by 80%), while the relative expression levels of the multimeric forms increase more

steadily.

John Wiley & Sons

Page 22 of 48



Page 23 of 48

Journal of Comparative Neurology

21

Our study thus suggests that protein up-regulation and protein multimerization of
glutamate transporters seem to be independently regulated during development. The
physiological relevance of such differential regulation is unclear. Notwithstanding,
homomultimers are assumed to be stabilized by noncovalent bonds in vivo and to play a role
in functional glutamate uptake (Haugeto et al., 1996; Jiang and Amara, 2011; Peacey et al.,
2009). Indeed, the degree of complexation strongly amplifies the activity of the glutamate
transporters, indicating that their assembly could allow a rapid, activity-dependent adaptation

of glutamate transport efficacy (Haugeto et al., 1996).

Laminar and subcellular profile of GLAST and GLT-1 immunoreactivity

Analysis of immunohistochemical stainings using confocal microscopy revealed that GLAST
and GLT-1 exhibit changes in their laminar and subcellular expression pattern in the
hippocampus. In general, an overall increase in the labeling intensity for both transporters
during postnatal development was observed, which is in line with earlier studies (Furuta et al.,
1997; Kugler and Schleyer, 2004), and complements the results obtained from our western
blots. Our stainings also confirm the view that GLAST is the predominant glutamate
transporter early in postnatal development and in immature astrocytes and radial glial cells
(Raponi et al., 2007; Shibata et al., 1997).

Our data, moreover, also clearly indicate that GLAST expression is not restricted to
immature and radial glial cells, but that during maturation virtually all astrocytes up-regulate
GLAST to moderate levels (Furuta et al., 1997). The labeling for GLAST also exhibited a
punctate signal in the strata pyramidale. As mentioned before, the antibody employed here
was directed against a motive of the antigenic binding site that is found in both isoforms,
GLAST1a and GLAST1b. GLASTI1b, contrary to the astrocyte-specific GLAST1a isoform, is
found to be especially located in neuronal cell bodies (Sullivan et al., 2007b). It is still under

debate whether GLAST 1b represents a functional isoform (Vallejo-Illarramendi et al., 2005).
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GLAST-labeling was also specifically found on cell bodies of S100B-positive astrocytes, as
well as on their processes. In contrast to GLT-1, GLAST immunoreactivity was rather
homogeneously distributed, and we never observed a specific clustering on GFAP-positive
endfeet. Thus, even though GFAP has been proposed to enhance glutamate uptake activity and
to serve as a cytoskeleton anchor for GLAST (Sullivan et al., 2007a), GLAST is apparently
not generally co-localized with GFAP nor specifically targeted to a subcellular compartment.
GLT-1 immunoreactivity increased most discernably between P3-5 and P10-15, which
also matches the most prominent increase in the multimer forms as revealed by western blots.
Interestingly, and as pointed out above, the relative expression levels of the monomeric form
only surged between P10-15 and P20-25. The strong increase in GLT-1 protein content and
immunolabeling during the first three weeks of postnatal development parallels the phase of
major synaptogenesis and synapse maturation in the hippocampus (Ullian et al., 2004). Such a
coincidental progression was already described for other brain regions by Furuta and co-
workers (1997). Indeed, glutamate uptake through GLT-1 is an important functional element
of mature hippocampal synapses (Arnth-Jensen et al., 2002; Verbich et al., 2012), and it was
recently shown that GLT-1 protein up-regulation during postnatal development is correlated to
the frequency of transmitter release at excitatory synaptic sites (Benediktsson et al., 2012).
Our data demonstrate that GLT-1 is not homogeneously distributed throughout all
cellular domains. They show explicit immunolabeling of processes with only sparse labeling
of the cell body, the latter preferentially co-localized with GFAP-fibers. Furthermore, they
confirm the presence of GLT-1 clusters at fine perisynaptic astrocyte processes (Zhou &
Sutherland, 2004; Nakagawa et al., 2008). GLT-1 expression is highly dependent on and
sensitive to fast excitatory synaptic transmission (Bergles et al., 2002; Nakagawa et al., 2008;
Schlag et al., 1998; Seifert et al., 2009). On the other hand, GLT-1 is vital for synapse
establishment (Benediktsson et al., 2012; Verbich et al., 2012). Earlier work has found

evidence that sodium signals, which arise following Na'-dependent glutamate uptake in
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astrocyte processes (Langer and Rose, 2009), might be a critical modulator in the formation of
clusters of GLT-1 at synapses (Nakagawa et al., 2008). Interestingly, perisynaptic astroglial
processes are devoid of GFAP, but are characterized by restricted localization of the actin-
binding protein ezrin (Derouiche et al., 2002). The interrelationship between ezrin and
glutamate transporters, has, to our knowledge, not been studied so far.

Unexpectedly, we found a distinct clustering of GLT-1 on GFAP-positive perivascular
endfeet during the first three weeks of development, but not in adult tissue. In contrast to this,
GLAST was never found to show comparable clustering on astrocytic endfeet. Electron
microscopic studies have detected both GLAST and GLT-1 at endfeet (Chaudhry et al., 1995;
Lehre and Danbolt, 1998; Lehre et al., 1995). Our study now shows for the first time a
discrete and pronounced clustering of GLT-1 at most endfeet in juvenile animals, already at a
time point, where GLT-1 expression is generally very low and no such clusters are seen at
perisynaptic processes.

The functional role of clusters of GLT-1 at astrocyte endfeet and the blood-brain
barrier is unclear. A recent study on co-cultures of endothelial cells and astrocytes provided
evidence for an active transport of glutamate in the abluminal-to-luminal direction (Helms et
al., 2012). The possible existence of a glutamate “siphoning” mechanism from the brain to the
blood is also indicated by studies showing that glutamate entry into the brain is either very
slow or virtually not present (Hawkins et al., 1995; Vina et al., 1997). Such a pathway would
help to clear the brain tissue from glutamate and might serve a protective role by preventing
excitotoxicity. On the other hand side, specific clustering of GLT-1 on endfeet could also
promote uptake of glutamate and enable rapid detoxification of blood-derived ammonia,
which freely diffuses over the blood-brain barrier, in the glutamate/glutamine cycle (Allaman
et al., 2011). Indeed, earlier studies demonstrated that a substantial part of the
ammonia/ammonium circulating in brain blood vessels passes the blood-brain barrier and

becomes incorporated into glutamine through astroglial glutamine synthetase (Cooper et al.
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1979 & 1987). Glial glutamate transporters on perivascular endfeet might thus serve either
one of these processes, glutamate siphoning or ammonia detoxification, depending on the

electrochemical driving forces and resulting direction of glutamate transport (Danbolt, 2001).
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Figure Legends

Fig. 1. GFAP expression during postnatal development. Immunohistochemical labeling for
GFAP of transverse sections of the mouse hippocampus at the indicated developmental stage.
(A) Overviews of the CA1 area representing extended focus images from stacks of 15 serial
Z-sections of 1 um. The boxes delineate the areas in which GFAP-positive astrocytes were
counted (see C). (B) Morphology of GFAP-positive astrocytes at the indicated developmental
stages. (C) Histogram showing the number of GFAP-positive cells (astrocytes) per 100,000
um3 . Cells were counted in one image section through the depth of the slice, corresponding to
30 um (P3-P5: n=22, N=11; P10-P15: n=28, N=14; P20-P25: n=35, N=15; adults (P60-P70):
n=24, N=4). (D) Representative western blot and western blot-based analysis of relative
GFAP expression (E) at indicated developmental stages (N=3 for each age-group). Shown are
mean values + S.E.M.; *** p<(0.001; ** p<0.01; * p<0.05. StrO, stratum oriens; StrP, stratum
pyramidale; SttR, stratum radiatum; SttLM, stratum lacunosum-moleculare, SttM, stratum

moleculare. Scale bar: 20 um and 50 um, respectively.

Fig. 2. GLAST expression in CAI. Images derived from single optical slices of 1 um of the
hippocampal CAl-region at the indicated developmental stages, immunohistochemically
labeled with antibodies directed against GLAST (A, D, G, J) and GFAP (B, E, H, K). (C, F,
I, L) show the overlay of both channels. (A-C): In the neonate mouse, robust GLAST
expression is found in elongated GFAP-positive astrocytic processes traversing the strata
oriens and pyramidale. The arrowhead indicates the rare case of a GLAST-positive, but
GFAP-negative process. (D-F): At P10-15, a punctate GLAST labeling pattern around
neuronal cell bodies in the stratum pyramidale is established. Robust GLAST expression was
found in more branched cells at this developmental stage. Arrowheads point to a thin (~0.5

um) structure labeled for GLAST that crosses several astrocytic domains. (G-L): At P20-25
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and in adult mice, a laminar distribution is established with highest GLAST expression
around neurons of the pyramidal cell layer. (J-L). Scale bar: 20 pm. Al= alveus; StrO, stratum

oriens; StrP, stratum pyramidale; StrR, stratum radiatum.

Fig. 3. GLT-1 expression in CAI. Images derived from single optical slices of 1 um of the
hippocampal CAl-region at the indicated developmental stages, immunohistochemically
labeled with antibodies directed against GLT-1 (A, D, G, J) and GFAP (B, E, H, K). (C, F, I,
L) show the overlay of both channels. (A-C): In the neonate, only few GLT-1 positive cells
are detectable in the strata oriens and radiatum. (D-F): GLT-1 protein levels as well as the
number of distinctly labeled cells increase by P10-P15. (G-L): At P20-25, GLT-1 highly co-
localizes with GFAP. (J-L): GLT-1 labeling in the adult. Arrowheads indicate GLT-1- as well
as GFAP-positive astrocytes. Scale bar: 20 um. Al= alveus; StrO, stratum oriens; StrP,

stratum pyramidale; StrR, stratum radiatum.

Fig. 4. Complexation grade of GLAST and GLT-1 in CAl. Western blots of CAl
homogenates developed against GLAST (A) and GLT-1 (B) with the corresponding analysis
of the different bands in (C) and (D), respectively. Note that the different protein bands, which
presumably correspond to multimerization forms of the glutamate transporters, are
differentially up-regulated during postnatal development. (E) Quantification of total protein
content, determined by the numeric summation of the individual bands, for GLAST and GLT-

1, respectively. Shown are mean values = S.E.M. (3 animals in each age cohort).

Fig. 5. Cellular distribution of GLAST and GLT-1 in CAl. Astrocytes at P3-P5 (upper row)

and P20-P25 (lower row) labeled with GLAST (A) or GLT-1 (B), (AlexaFluor488-coupled,

left column), and with S1008 (AlexaFluor594-coupled, middle column). The right column
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represents the overlay of the two channels. The arrows point to the cell body, which is densely

labeled with GLAST (A), but virtually avoid of GLT-1 (B). Scale bars: 20 pm.

Fig. 6: Localization of GLT-1 at a GFAP-labelled astrocyte. Confocal and super-resolution
images of a GFAP-positive astrocyte (Chromeo 494, green) in the stratum radiatum of the
mouse hippocampus at P15 and the sub-cellular localization of the labelling for the glial
glutamate transporter GLT-1 (Atto 647N, magenta). The images in the left column are taken at
a conventional CLSM (Leica SP5). Images taken at the STED microscope are presented in the
right column. All images except of the images presented in the first row (raw-images) were
processed for xy-deconvolution and post-productionally handled absolutely identical. Note
the drastically increased resolution (< 50nm) in the images taken at the STED microscope
compared to the images taken at the CLSM. All images represent a maximum projection of 12

optical sections.

Fig. 7. GLAST and GLT-1 labeling pattern at perivascular endfeet. Image of the
immunohistochemical staining of GLAST or GLT-1 (visualized with AlexaFluor488), co-
labeled with GFAP (visualized with AlexaFluor594), in the stratum radiatum during postnatal
development. (A, two left columns): GLAST was not localized on astrocytic endfeet (A, two
right columns): already at P3-P5, a time period GLT-1 expression in general was very low,
GLT-1 protein clusters were detectable at scattered perivascular endfeet. Between P10 and
P25 a pronounced labeling of perivascular endfeet was observed that disappeared in the adult.
(B) GLT-1 labeling of a P15 hippocampus. Arrows point to astrocytic endfeet identified by

GFAP. Scale bars, 20 pm.
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Fig. 8: Clusters of GLT-1 at GFAP-labelled astrocyte endfeet. The figure shows the lining of
a blood vessel (BV) in the mouse hippocampus at P15 by GFAP-positive astroglial processes
(Chromeo 494, green) and the localization of the labelling for the glial glutamate transporter
GLT-1 (Atto 647N, magenta). The images in the left column are taken at a conventional
CLSM (Leica SP5). Super-resolution images taken at a STED microscope are presented in the
right column. All images were processed for xy-deconvolution and post-productionally
handled absolutely identical. All images represent a maximum projection of 10 optical

sections.
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Table 1. Antibody List.

Primary antibodies
antibody structure of manufacturer Order Lot no. | species type dilution application | listed
the immuno- no.
gen
GLAST KPYQLIAQD | Chemicon/ AB1782*% | LV139 | Guinea polyclonal 1:1000 HC yes
(EAATI) NEPEKPVAD | Millipore 5302; Pig IgG
SETKM JC1615
843;
JC1658
217
GLAST KPYQLIAQD | Tocris 2064 1 Rabbit polyclonal 1:2000 WB no
(EAATI) NEPEKPVAD | Bioscience 1gG
SETKM
GLT-1 AANGKSAD | Chemicon/ AB1783 LV137 | Guinea polyclonal 1:1000/ IHC/ yes
(EAAT2) CSVEEEPW Millipore 7592, Pig IeG 1:2000 WB
KREK LV154
7805;
LV168
8372
GFAP n.s. (full- Dako Z 0334 000360 | Rabbit polyclonal 1:1000 / IHC/ yes
length protein | Cytomation 63 1gG 1:2000 WB
from cow
spinal cord)
GFAP clone G-A-5 Sigma-Aldrich G3893 078K4 | Mouse monoclonal | 1:1000/ IHC/ yes
(LQSLTCDV 830 1eG 1:2000 WB
ESLRGTNES
LERQMREQ
EERHAREA
ASYQEALT
RLEEEGQSL
KDEMARHL
QEYQELLN
VKLALDIEI
ATY)
S1006 n.s. Abcam ab868 877135 | Rabbit polyclonal 1:100 HC no
(recombinant ; 1gG
full-length 200026
cow protein)
a-actin SGPSIVHRK | Sigma-Aldrich A2066 090M4 | Rabbit polyclonal 1:2000 WB yes
CF 758 1gG
a-tubulin clone 6-11B-1 | Santa Cruz sc-23950 | BO711 Mouse monoclonal | 1:2000 WB no
Biotechnology 1gG
GAPDH clone 71.1 Sigma-Aldrich G8795 080M4 | Mouse monoclonal | 1:20000 WB yes
806 1gM
Mouse AF488 Invitrogen (Life | A11029 56881 Goat - 1:100 HC yes
1eG conjugated Technologies) A
Mouse AF633 Invitrogen (Life | A21050 690316 | Goat - 1:100 HC no
1gG conjugated Technologies) ;
796022
Rabbit AF59%4 Invitrogen (Life | A11012 47098 Goat - 1:100 HC no
1gG conjugated Technologies) A;
695244
Guinea AF488 Invitrogen (Life | A11073 400881 | Goat - 1:100 HC yes
Pig IgG conjugated Technologies) ;
629114
753761
Mouse HPR Dako P0260 000392 | Rabbit - 1:2000 WB no
1eG conjugated Cytomation 17
Rabbit HPR Dako P0448 000417 | Goat - 1:2000 WB no
1eG conjugated Cytomation 82
Guinea HPR Sigma-Aldrich A5545 089K4 | Rabbit - 1:2000 WB no
Pig IgG conjugated 858
Rabbit Cromeo-494 Active Motif 15042 1 Goat - 1:100 HC no
1eG conjugated
- Atto647N ATTO-TEC ADG647N | 1 - - 1:50 HC no
streptavidin -61
conjugated
Guinea Biotinylated Biozol BA-7000 | V0615 Goat - 1:100 HC no
Pig IgG
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GLAST, glutamate aspartate transporter; GLT-1, glutamate transporter 1; GFAP, glial fibrillary protein; AF, AlexaFluor; GAPDH,
glycerinaldehyd-3-phosphat-dehydrogenase; IHC, immunohistochemistry; WB, western blot; n.s. = not specified

*, Unfortunately, the manufacturer has lately stopped the sale and distribution of the GLAST antibody used here.
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Graphical Abstract

Proper function of astroglial glutamate uptake is crucial for termination of synaptic
transmission and prevention of extracellular glutamate accumulation, eventually causing
excitotoxicity. Previous studies demonstrated that astrocytic glutamate transporters are
generally down-regulated and cease function following brain injury (Ginsberg et al., 1995;
van Landeghem et al., 2006).

By employing protein-based analysis and sodium imaging as functional assay, we actually
found that astrocyte glutamate transporters are not uniformly affected upon severe
pathological activation. We identified two subpopulations of reactive astrocytes that show
diverging alterations in terms of SR101 uptake, a vital dye specifically taken up by astrocytes,
glutamate transporter distribution and uptake capacity following mechanical injury. In direct
spatial proximity to the lesion site glutamate transporters were clustered and astrocytic
glutamate uptake was severely impaired, while more distally only moderate alterations were
detected in terms of glutamate transporter expression and function. Among both only distal
reactive astrocytes included SR101, indicating profoundly altered membrane properties of
proximal reactive astrocytes.

This data indicates that the astrocytic response following severe injury is non-uniform and
that distinct subsets of reactive astrocytes may undertake unique tasks in the retrieval phase.
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Figure 0. Schematic depiction of alterations astrocytes undergo in dependence on the distance from a
lesion site in case of severe reactive astrogliosis. The histological experiments revealed that in the direct
vicinity of the cell neuronal damage and death takes place (up to ~100 um from the lesion site). In this district a
dense mesh of astrocytic GFAP-positive processes was observable, which had a characteristic palisade-like
organization directed towards the lesion site some in a distance of about 30 ym. Up to 30 xm rough glutamate
transporter clusters were detectable near expiring processes, overall a decline in the predominant astrocytic
glutamate transporter GLT-1 was observed by immunohistochemistry and western blot analysis. 100-150 gm
from the lesion site no SR-101 uptake was accomplished by astrocytes, which was accompanied by smaller Na"
responses with slower kinetics to the glutamate transporter agonist D-aspartate. These cells, named “scar cells”
in this study, furthermore exhibited a massive cytoplasmic cell volume and a decline in sodium baseline values.
Based on our experimental data it is tempting to assume that severe astrogliosis takes place in this area that ends
approximately 150 um from the lesion site in our preparation and the present scratch wound assay. More distant
astrocytes stain for SR-101, showing prolonged sodium transients after D-aspartate stimulation, though unaltered
peak amplitude. All SR-101 positive cells exhibited no change in basal sodium concentration, but were also
found to be swollen. In this peripheral area in some distance from the lesion site it can be supposed that mild to
moderate astrogliosis takes place.



Abstract

The extracellular glutamate concentration is ultimately terminated by the action of the
astroglial glutamate re-uptake system consisting of the sodium-driven transporters GLAST
and GLT-1. Their action ensures an optimal signal-to-noise-ratio for synaptic transmission and
prevents toxic glutamate accumulation in the synaptic cleft. Upon severe brain injury ambient
glutamate levels are profoundly raised, which might be counteracted by at least preserved
glutamate transporter operation.

Here we addressed the question whether and how traumatic brain injury (TBI) affects the
expression and function of GLAST and GLT-1 in the hippocampus by employing an
experimental scratch wound assay in situ. Mechanical lesion triggered massive cell death and
astrogliosis manifested by elevated expression of GFAP and significant hypertrophy.
Furthermore, a compact glial scar formed adjacent to the lesion site. We found that in contrast
to distal reactive astrocytes (DRA), proximal reactive astrocytes (PRA) situated within a
distance of ~100 um from the lesion site were not capable of SR101-uptake, a vital dye
specifically taken up by astrocytes. To compare GLAST and GLT-1 distribution and quantity
in control and lesioned slices, we employed immunohistochemistry and western blot analysis.
Additionally, quantitative sodium imaging with the sodium-sensitive fluorescent indicator dye
SBFI served as functional read-out of glutamate uptake capacity by recording intracellular
sodium transients evoked by the glutamate transporter antagonist D-aspartate. Following
mechanical lesion we detected prominent glutamate transporter clusters, in particular of
GLAST, along with a severe functional reduction in astroglial glutamate re-uptake in PRA.
DRA on the contrary displayed only negligible changes referring to glutamate transporter
expression and function upon injury. Immunoblotting further revealed that solely GLAST
multimer content was up-regulated, while, opposed to that, only GLT-1 monomer declined.

This data points to discrete alterations of GLAST and GLT expression and non-uniform
impairment of glutamate re-uptake capacity in defined subsets of reactive astrocytes following
brain trauma.



Introduction

Traumatic brain injury (TBI) occurs when an external physical force causes damage to the
brain. Although TBI represents one of the major causes of death and disability worldwide, the
neurochemical mechanisms underlying this complex and irreversible medical condition are
still insufficiently determined (Werner and Engelhard, 2007). It is well established that two
phases characterize the pathophysiological progress of TBI: The primary injury is
immediately triggered by the initial trauma, while the secondary injury proceeds delayed,
probably mediated by a slow-acting cascade of cellular processes (Borgens and Liu-Snyder,
2012). As ambient glutamate concentrations were shown to be significantly increased post-
traumatically, glutamate(Glu)-mediated excitotoxicity was proposed to primarily mediate
secondary brain damage (Nilsson et al., 1990; Katoh et al., 1997; Koizumi et al., 1997).

In the intact central nervous system (CNS), glutamate reuptake represents the principle
mechanism to inactivate glutamate released at synaptic sites, and thus to prevent
excitotoxicity (Danbolt, 2001). Efficient and rapid glutamate removal is mainly accomplished
by astrocytic glutamate transporters (EAATs; excitatory amino acid transporters), namely
GLAST (glutamate/aspartate-transporter) and GLT-1 (glutamate-transporter-1; rodent
analogues of EAAT1 and EAAT2, respectively; Rothstein et al., 1996; Matsugami et al.,
2006). The inward-transport of glutamate is energized by the sodium gradient over the plasma
membrane, which is in turn maintained by the ATP(adenosine triphosphate)-consuming
activity of the Na'/K"-ATPase. A complete transport cycle comprises the movement of 1 Glu,
3 Na"and 1 H' into the cell, along with 1 counter-transported K, which means that operation
of EAATs is electrogenic (Anderson and Swanson, 2000). Their activation causes fast
termination of the postsynaptic response, which assures a high signal-to-noise-ratio of
glutamatergic transmission and shapes the time course of synaptic conductance (Tzingounis
and Wadiche, 2007).

Causal or consequential dysfunction of these astrocyte-specific glutamate transporters in
the course of TBI might lead to accelerated accumulation of extracellular glutamate and thus
enhanced excitotoxic neuronal death due to over-excitation of postsynaptic receptors (Yi and
Hazell, 2006). Given that ionotropic glutamate receptor (iGluR) antagonists failed to prove
useful as drugs for clinical TBI intervention treatment, EAATs are considered as most
promising prospective therapeutic target (Ikonomidou and Turski, 2002; Arundine and
Tymianski, 2004; Beschorner et al., 2007; Laird et al., 2008). In order to develop new
therapeutic strategies, we need, in the first instance, to gain more profound knowledge about
the fundamental process of excitotoxicity, including the function and the regulation of EAATS
in pathophysiological conditions.

Brain insults in general trigger a specific astroglial reaction, also referred to as reactive
astrogliosis (Pekny and Nilsson, 2005; Sofroniew, 2009; Sofroniew and Vinters, 2010). A
hallmark of reactive astrogliosis, regardless of its origin and the brain region affected, is a
significant increased expression of the major astrocytic intermediate filament glial fibrillary
acidic protein (GFAP). GFAP up-regulation, which represents the most commonly used
indication in research and clinical diagnostics, is a highly sensitive process, however
unspecific, because the protein is expressed in most mature astrocytes and miscellaneous
progenitor cells of the astrocytic lineage (Middeldorp and Hol, 2011). Enhanced synthesis rate
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of structural proteins such as GFAP and related cytoskeleton elements like vimentin, nestin
and synemin in response to brain injury leads to a considerable hypertrophy of the astrocyte
cell body and processes (Jing et al., 2007; Robel et al., 2011). Further morphological changes
include alterations of the viscoelastic membrane properties as well as elongation and raised
number of stem and higher-order processes (Wilhelmsson et al., 2004; Wilhelmsson et al.,
2006; Lu et al., 2011). Brain injury of profound severity like TBI even leads the formation of
a dense glial scar adjacent to the lesion centre, resulting in complete distortion of tissue
organization, impairment of cellular connectivity and reduction of the extracellular space
volume, e.g. due to astrocytic cell volume increase and proliferation (Sofroniew, 2009;
Sofroniew and Vinters, 2010; Kawano et al., 2012).

In the intact CNS tissue, astrocytes play a decisive role in many vital functions, including
neuronal metabolic supply by neurovascular coupling (Barros and Deitmer, 2010), blood-
brain-barrier (BBB) function and integrity (Abbott et al., 2006; Zacchigna et al., 2008),
detoxification (Norenberg, 1998), homeostasis of ions (Deitmer and Rose, 2010) and of
neurotransmitters (Eulenburg and Gomeza, 2010). Astrocytes thus contribute to information
processing at the synapse (Perea et al., 2009), which includes processes like neurotransmitter
inactivation by reuptake, recycling and redelivery of precursor molecules to neuronal cells.

Upon brain injury at least a subpopulation of reactive astrocytes undergoes de-
differentiation, meaning that they regain juvenile features and re-enter cell cycle (Buffo et al.,
2008; Robel et al., 2011; Simon et al., 2011), which, as a matter of course, goes with massive
alterations of functional properties. Astrogliosis further leads to a general impairment of
astrocyte gap junction coupling, which might have severe consequences for ion regulation by
astrocytes and energy provision over great distances (Rouach et al., 2002; Chew et al., 2010).
Aforementioned alterations in amount and distribution of the major intermediate filament also
affect astrocyte function, as GFAP not only provides structural stability to astrocytic
processes, but also serves as scaffold to anchor proteins, which determine the position of
multiple transmembrane proteins (Middeldorp and Hol, 2011). This has for instance
functional implications for the glutamate-glutamine cycle, as it was demonstrated that a
decline in GFAP levels is accompanied by a rise in glutamine synthetase activity in astrocytes
and vice versa (Weir and Thomas, 1984; Lieth et al., 1998; Pekny et al., 1999). Impairment of
the astrocyte functional repertoire following brain injury will consequently result in
discontinuous supply of neurons and an altered performance of synaptic transmission. Along
this line, partial dysfunction or failure of the astrocytic glutamate uptake system would have
tremendous effect on excitatory transmission and thus on information processing in the brain.

In response to brain injury most studies so far demonstrated overall protein down-
regulation of both astrocytic glutamate transporters, GLAST and GLT-1 in the rodent and
human brain (e.g. Ginsberg et al., 1995; Rao et al., 1998; Chen et al., 2005; van Landeghem et
al., 2006). A corresponding reduction of glutamate uptake activity was reported (Levy et al.,
1995; Springer et al., 1997; Moretto et al., 2005). Interestingly, it was proposed that astrocyte
EAATS can, under certain pathophysiological conditions, even change the orientation of
operation, i.e. transport in the reverse mode (Li et al., 1999; Kosugi and Kawahara, 2006;
Grewer et al., 2008). The increase in ambient glutamate levels following TBI might therefore
be crucially determined by the operation of glutamate transporters. Regulatory enhancement
of EAATs might hence extenuate progress of secondary injury and improve outcome of
disease. That this might be indeed the case was indicated by a study showing that beta-lactam



antibiotics exert a neuroprotective effect in a rat model of TBI, which were shown before to
enhance EAAT uptake efficiency (Rothstein et al., 2005; Wei et al., 2012).

It unfortunately remained un-addressed whether or how the described impact on glutamate
transporter is diverse, as some studies might imply, regarding the temporal sequence,
response severity and distance from a lesion core (Vermeiren et al., 2005; Frizzo et al., 2007).
In order to investigate the expression and functional profile of astrocytic EAATs in
pathophysiology, we established here a hippocampal TBI model in situ. By performing a
standard scratch wound assay severe reactive astrogliosis was reliably trigger, which was
throughout accompanied by glial scar formation alongside the lesion site. GLAST and GLT-1
protein levels were determined by immunohistochemistry and western blot analysis, while
ratiometric sodium imaging was employed as functional assay for astrocytic glutamate
transporter.



Methods

All experiments in this study were carried out in accordance with the institutional
guidelines of the Heinrich-Heine-University Duesseldorf as well as the European
Communities Council Directive (86/609/EEC).

Materials

All chemical were purchased from Sigma-Aldrich Chemical (Germany) unless stated
otherwise.

Acute Hippocampal Slices

Acute slices of the hippocampus were prepared from Balb/c mice (mus musculus) of both
genders at postnatal days 7 to 8 (P7-P8) using standard procedures. Briefly, mice were
decapitated, brains quickly excised and hemisected in ice-cold artificial cerebrospinal fluid
(ACSF) composed of (in mM): 125 NaCl, 2.5 KCI, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO,, 26
NaHCOs, and 20 glucose, bubbled with 95% O, and 5% CO,, adjusted to a pH of 7.4.
Hemisections were trimmed and transverse slices (200 um) comprising the entorhinal cortex,
hippocampus, fimbria and thalamus were prepared using a microtome (Microm HM650V,
Thermo Fischer Scientific, Walldorf, Germany). Slices were transferred for 30 min to ACSF
at 35°C.

Transgenic animals (FVB/N-Tg[GFAPGFP]14Mes/J) expressing green fluorescence
protein (GFP) under GFAP promoter were obtained from the Jackson Laboratory (Harbor,
USA).

Organotypic Hippocampal Tissue Slice Cultures and Mechanical Lesion

Organotypic hippocampal slice cultures were prepared and cultured according to the
protocol of Stoppini et al. (1991) with minor modifications as follows (Stoppini et al., 1991).
In brief, acute hippocampal slices (see above) were transferred to a Millicell culture insert
(PICM ORG 50, hydrophilized PTFE, pore size 0.4 um, Merck Millipore, USA) and
maintained at the interface of a serum-based culture medium in a humidified incubator
atmosphere of 5% CO; at 37°C. The culture medium was composed of: 30 % sterile filtered
normal horse serum (NHS; GIBCO/Life Technologies), 30% dulbecco’s modified eagle
medium (DMEM; GIBCO/Life Technologies), 40% hanks balanced salt solution (HBSS;
GIBCO/Life Technologies) supplemented with 38 mM glucose (pH adjusted to 7.3-7.4). No
antibiotics were used as these may lead to epileptiform discharges (Schneiderman, 1997; Tian
et al., 2005) as well as changes in glutamate transporter function and expression (Rothstein et
al., 2005). The medium was changed three times a week and the insert surface was washed
with medium once a week to guarantee sufficient supply of nutrients and to remove cell
debris, respectively.

After at least 12 days in culture (“dic’), a mechanical lesion was performed using a scalpel.
The lesion was positioned in the CA1 area perpendicular to the stratum pyramidale, included
the strata oriens, pyramidale, radiatum and lacunosum-moleculare and spanned the entire
depth of the slice (cf. Fig. 2). Afterwards, slices were maintained in culture for another 6-7
(designated as 6-7 days post lesion; 6-7 dpl). Unlesioned control slices were cultured for a
corresponding number of days (19-25 dic).

SR101-Loading and Sodium Imaging



For selective vital staining of astrocytes (Nimmerjahn et al., 2004; Kafitz et al., 2008),
acute or organotypic slices were incubated in ACSF containing 2.5 uM sulforhodamine 101
(SR101) for 30 min at 37°C. Slices were maintained in ACSF at room temperature (RT; 19—
22°C) until they were used for experiments, which were also performed at RT. Organotypic
cultures were excised from the Millicell inserts and transferred to fresh ACSF after carefully
excising the glial sheath, that is a monolayer consisting of diverse glial cells that forms as top
layer of the tissue during the culture period. Therefore the cover layer is tightened with two
cannulas in order to split it off at one side. For sodium imaging, slices were additionally bulk-
loaded with the membrane permeable form of the sodium-sensitive fluorescent dye SBFI
(SBFI-AM; sodium-binding benzofuran isophthalate-acetoxymethyl ester; Molecular
Probes/Life Technologies) as described earlier (Meier et al., 2006; Langer and Rose, 2009).

Wide-field fluorescence imaging was performed using a variable scan digital imaging
system (TILL Photonics, Martinsried, Germany) attached to an upright microscope (BX51Wi,
Olympus Europe, Hamburg, Germany) and a CCD camera (TILL Imago VGA, Till
Photonics). Images were collected with an Achroplan 40x objective (water immersion, N.A.
0.8, Zeiss). SR101 was excited at 575 nm, emission was collected above 590 nm. Excitation
wavelength for detection of GFP was 488 nm, emission was collected above 510 nm.

Ratiometric sodium imaging was performed as previously described (Rose and Ransom,
1996; Langer and Rose, 2009). SBFI was alternately excited at 4 Hz at 340 nm, at which its
emission is only weakly sodium sensitive (“isosbestic” wavelength), and at 380 nm, at which
SBFI is strongly sodium sensitive. Emission (>440 nm) was collected defined regions of
interest (ROI) representing SBFI-filled somata. Standard dynamic background correction was
performed as described earlier in detail (Langer and Rose, 2009; Langer et al., 2012). After
background correction, the fluorescence ratio (Fss0/F3g0) was calculated for the individual
ROIs and analyzed off-line using OriginPro 8G Software (OriginLab Corporation,
Northhampton, MA). Changes in SBFI fluorescence ratio were expressed as changes in
sodium concentration based on in situ calibrations as reported before (Rose and Ransom,
1996; Meier et al., 2006; Langer and Rose, 2009). To equilibrate extra- and intracellular Na'-
concentration, SBFI-loaded organotypic slice cultures were perfused with saline containing
ionophores (3 M gramicidin D, 100 zM monensin) and the Na'/K'-ATPase blocker ouabain
(100 uM),a s well as different concentrations of Na'. These calibrations revealed a virtually
linear increase in SBFI-fluorescence ratio for Na' concentrations between 10 and 40 mM
(n=107; N=6, Fig. 6). Within this range, a 10% change in the fluorescence ratio corresponded
to a change in the intracellular sodium concentration by 5.5 mM.

The glutamate transporter agonist D-aspartate was applied by a pressure application device
(PDES-02D, NPI Electronic GmbH, Tamm, Germany) coupled to standard micropipettes
(Hilgenberg, Waldkappel, Germany) placed 20-100 um from cell bodies of selected cells in
the presence of 0.5 uM tetrodotoxin.

Antibody Characterization

All antibodies employed in this study are listed in table 1. The following antisera were
utilized in this study, which represent well established, commercially available standard
markers: guinea-pig GLT-1 antiserum directed against the C-terminus of rat GLT-1 (Millipore
Corp., Ireland; e.g. Benediktsson et al., 2012), guinea-pig GLAST antiserum directed against
the C-terminus of rat GLAST (Millipore Corp., Ireland; e.g. Zhou et al., 2006). Validation and



a detailed characterization of both antibodies were provided before (Suarez et al., 2000; Zhu
et al., 2008; Brunne et al., 2010). + Schreiner et al., 2012

For specific identification and morphological characterization of astrocytic cells
polyclonal rabbit antibodies against GFAP (GFAP-pAb; Dako Cytomation, Denmark; Wu et
al., 2005; Brunne et al., 2010) and S1008 (Abcam, United Kingdom; Magavi et al., 2012)
were employed. When double staining with the latter antibody was performed, a monoclonal
mouse antibody detecting GFAP was used (GFAP-mAb; Sigma Aldrich, Germany; Brunne et
al., 2010; Olabarria et al., 2010). All three antibodies (S1008, GFAP-mAb and —pAb) reliably
stained cells that could be either identified by prior SR101 incorporation or cells expressing
GFP under the GFAP promoter (data not shown). Thus these antibodies can be considered
specifically recognizing their supposed target. Moreover, virtually all S1008 positive cells
stained positive for GFAP (data not shown).

Standard Fluorochrome-conjugated antibodies (AlexaFluor, Invitrogen) were employed as

secondary antibodies for immunohistochemistry. To visualize immunoblots, HPR-conjugated
antibodies were used (for details see table 1).
All antibodies used for immunohistochemistry were notwithstanding employed for western
blot analysis. To assure comparability, the investigated specimen was in both cases murine
hippocampal tissue. For all antibodies used, pattern of bands and their molecular weight was
comparable with calculated (e.g. utilizing the ExXPASy compute pl/Mw tool) and experimental
data published by other groups (e.g. Haugeto et al., 1996; Suarez et al., 2000; Brunne et al.,
2010).

Table 1. antibody list.

Primary antibodies

antibody structure of manufracturer | Order Lot no. | species type dilution application | listed
the immuno- no.
gen
GLAST KPYQLIAQD | Chemicon/ AB1782*% | LV139 | Guinea polyclonal 1:1000 HC yes
(EAATI) NEPEKPVAD | Millipore 5302; Pig IgG
SETKM JC1615
843;
JC1658
217
GLAST KPYQLIAQD | Tocris 2064 1 Rabbit polyclonal 1:2000 WB no
(EAATI) NEPEKPVAD | Bioscience 1eG
SETKM
GLT-1 AANGKSAD | Chemicon/ AB1783 LV137 | Guinea polyclonal 1:1000/ HC/ yes
(EAAT2) CSVEEEPW Millipore 7592; Pig IgG 1:2000 WB
KREK LV154
7805;
LV168
8372
GFAP n.s. (full- Dako Z 0334 000360 | Rabbit polyclonal 1:1000 / HC/ yes
length protein | Cytomation 63 1eG 1:2000 WB
from cow
spinal cord)
GFAP clone G-A-5 Sigma-Aldrich G3893 078K4 | Mouse monoclonal | 1:1000/ HC/ yes
(LQSLTCDV 830 1gG 1:2000 WB
ESLRGTNES
LERQMREQ
EERHAREA
ASYQEALT
RLEEEGQSL
KDEMARHL
QEYQELLN




VKLALDIEI

ATY)
S1008 n.s. Abcam ab868 877135 | Rabbit polyclonal 1:100 HC no

(recombinant ; 1eG

full-length 200026

cow protein)
a-actin SGPSIVHRK | Sigma-Aldrich A2066 090M4 | Rabbit polyclonal 1:2000 WB yes

CF 758 1gG
Secondary antibodies
antibody conjugation manufracturer | Order Lot no. | species type dilution application | listed

no.
Mouse AF488 Invitrogen (Life | A11029 56881 Goat - 1:100 HC yes
1eG conjugated Technologies) A
Rabbit AF594 Invitrogen (Life | A11012 47098 Goat - 1:100 HC no
1eG conjugated Technologies) A;
695244
Guinea AF488 Invitrogen (Life | A11073 629114 | Goat - 1:100 HC yes
Pig IgG conjugated Technologies) ;
753761

Mouse HPR Dako P0260 000392 | Rabbit - 1:2000 WB no
1eG conjugated Cytomation 17
Rabbit HPR Dako P0448 000417 | Goat - 1:2000 WB no
1eG conjugated Cytomation 82
Guinea HPR Sigma-Aldrich A5545 089K4 | Rabbit - 1:2000 WB no
Pig IgG conjugated 858

GLAST, glutamate aspartate transporter; GLT-1, glutamate transporter 1; GFAP, glial fibrillary protein; AF, AlexaFluor; THC,
immunohistochemistry; WB, western blot; n.s. = not specified
* Unfortunately, the manufacturer has lately stopped the sale and distribution of the GLAST antibody used here.

Immunohistochemistry

Prior to immunohistochemical processing, organotypic slices were immersion-fixed for 30
min at RT in 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) following three
washes every 30 min with PBS. Cell membranes were permeabilized and unspecific binding
sites were blocked in PBS containing 0.25% triton-X100 (TX) and 2% normal goat serum
(NGS; GIBCO/Life Technologies) for 90 min at 4°C followed by incubation with the primary
antibody GFAP-pAb (1:1000, Dako Cytomation, Denmark), diluted in the same solution over
night at 4°C. In case of S1008/GFAP double stainings, slices were incubated with a mixture of
the primary antibodies GFAP-mAb (1:1000, Dako Cytomation, Denmark) and rabbit-S1003
(1:100, Abcam, United Kingdom). After 5 washes in PBS containing 0.25% TX and 2% NGS,
slices were incubated either with guinea pig- anti-GLAST or with guinea pig- anti-GLT-1
(both 1:1000, diluted in) for 4 hrs at RT. Excess primary antibody was removed with five
washes using 2% NGS/PBS. Anti-rabbit-AlexaFluor594 and anti-guinea pig-AlexaFluor488
or anti-mouse-AlexaFluor488 (1:100 in blocking solution) were used for visualization of
antibody binding and incubated for 2 hrs at RT. The slices were subjected to DAPI staining
(4',6-diamidino-2-phenylindole; 0.5 um; Invitrogen) washed for three times and mounted on a
glass slide with mowiol/DABCO (Calbiochem, Fluka).
Identical conditions were applied to all individually performed stainings regarding tissue
processing and the staining procedure. Negative controls were run in parallel to each staining
by either omitting all or just one of the primary antibodies. Control stainings in which one of
the primary antibodies was omitted showed the identical labeling pattern for the remaining
antibody as in the double-stainings. Omitting both primary antibodies never resulted in a
staining.




As specified in the text, documentation of immunofluorescence was either performed with
the Eclipse Nikon 90i (epifluorescence microscopy) or the Olympus Fluoview300 microscopy
system (confocal microscopy). Immunofluorescence documentation was on the one hand
realized with the Eclipse Nikon 90i microscopy system (Nikon, Germany), equipped with a
standard DAPI (EX 340-380; DM 400; BA 435-485) FITC (EX 465-495; DM 505; BA 515-
555) and TRITC (EX 540/25; DM 365; BA 605/55) filter set. Illumination was provided by an
Intensilight fiber lamp (C-GHFI; Nikon) and emission was detected with a monochrome
digital camera (DS-QilMc; Nikon). Images were collected with either a 20x/0.75
(PlanApoVC, Nikon, Germany) air objective or a 60x/1.40 (PlanApoVC, Nikon) oil
immersion objective. NIS-Elements software (Nikon) was used for image acquisition.
Immunofluorescence was otherwise analyzed at an Olympus BX51WI microscope coupled to
a confocal laser scanning system (FV300, Olympus, Germany) equipped with an multi-line
argon laser (488 nm) and a helium-neon laser (543 nm, both Melles Griot, Germany). Images
were collected with either a 20x/0.50 (UMPlanFl, Olympus), a 40x/0.80 (LUMPIlan,
Olympus) water immersion or a 60x/1.40 (PlanApoVC, Nikon) oil immersion objective. A
Kalman filter 4 was applied for every scan. Simultaneous or sequential scanning of both
fluorophores revealed no difference in the staining pattern of both fluorophores, indicating no
cross-excitation or spectral bleed-through. The thickness of Z-plane sections was 1 um with
differing numbers of optical sections depending on the figure. Extended focus images are
shown as indicated in the figure legend and were calculated from Z-stacks of optical sections
using Imagel] software (NIH, USA). Images were overlaid or inverted employing Adobe
Photoshop CS2 (Adobe Systems, CA).

Immunoblotting

Western blot analysis was performed as described previously with little modifications
regarding tissue preparation (Schreiner et al., 2012). In brief, a tissue sample extending
longitudinal from the stratum oriens to the stratum lacunosum-moleculare of the CA1 region
(~400 um; 700 ym width; in case of a lesion, identical distance from the scratch wound to
both sides) was dissected from a slice culture. All tissue samples of one hemisphere were
pooled and quickly frozen in liquid nitrogen. Per preparation two litter mates were prepared:
one individual served as control and one was subject to mechanical lesion (see above). The
tissue was homogenized at 4°C in RIPA buffer containing 1% deoxycholic acid (NP-40),
0.25% Na-Deoxycholat, protease inhibitors (CompleteMini, Roche, Germany), 150 mM NaCl
and 50 mM Tris-HCI adjusted to a pH of 7.4. Homogenates were centrifuged at 13.000 g for
10 min and 4x laemmli buffer (5% sodium dodecyl sulfate (SDS), 43.5% glycerol, 100mM
DL-dithiothreitol (DTT), 0.02% bromphenol blue, 20% 2-mercaptoethanol, 125 mM Tris-HCI
adjusted to a pH of 6.8) was added to the supernatant. Proteins were electrophoretically
separated on 10% gels by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Subsequently, proteins were transferred electrophoretically to PVDF membranes.
Strips of the PVDF membranes were preincubated in PBS containing 0.1% tween and 5%
skimmed milk over night at 4°C in order to block unspecific binding sites. To the blocking
solution, either rabbit-anti-GLAST, guinea pig- anti-GLT-1 or rabbit-anti-GFAP (both 1:2000,
Dako Cytomation, Denmark) was added in an 1:2000 dilution and applied to the PVDF
membrane for 1 hours (RT). Bound immunoglobulins were visualized using horseradish
peroxidase-conjugated goat anti-rabbit or goat anti-guinea pig IgG in a 1:2000 dilution
(incubated for 30 min at RT) and the enhanced luminol chemiluminescence technique (ECL-



kit, Amersham, Germany). In parallel, a detection of the relative protein content of every
probe was performed using an antibody against a-actin. The resulting chemiluminescence was
detected using the luminescent image analyser LAS-4000 (Fujifilm Europe GmbH,
Germany).

Axiovision software (Zeiss, Germany) was used for the quantification of the western blot
data. After background correction the grey value of the protein under examination was
divided by the a-actin grey value. All values were normalized to the value determined for the
control tissue from each corresponding litter mate.

Propidium lodide Assay

To visualize dead cells in organtypic slice culture, ACSF that contained 0.5 xg/ml propidium
iodide (PI) was applied to the slice surface and incubated for 3 hours at 37°C and 5% CO,,
followed by a wash with ACSF (N=3). Lesioned slice cultures were compared to unlesioned
(negative control) and 1 mM H,0O;(hydrogen peroxide)-treated cultured slices (positive
control), respectively. Documentation was either accomplished with the aforementioned
Eclipse Nikon 901 epifluorescence or the Olympus Fluoview300 laser scanning microscopy
system.

Statistics

Unless otherwise specified, data are expressed as means + S.E.M. Western blot data was
statistically analyzed by Chi*-test, for all statistical evaluations Student’s t-test was employed.
In all cases, a p value < 0.05 was considered significant (* p < 0.05; ** p < 0.01; *** p <
0.001). If not stated otherwise, n represents the number of analyzed cells and N the number of
experiments. Each set of experiment was performed on at least three different individuals.



Results

In this study we addressed the question whether a severe mechanical injury, which results
in reactive astrogliosis, leads to changes in EAAT-mediated glutamate uptake. For this
purpose we established a scratch wound assay that was applied to murine hippocampal
organotypic slice cultures.

Hippocampal organotypic slice cultures

The membrane-interface tissue culture technique, introduced by Stoppini et al. (1991),
features major advantages over explant or dissociated cell culture with regard to a preserved
spatial tissue organization, astrocytic morphology and protein expression. In contrast to
astrocytes kept in primary cell culture, those in organotypic slice culture maintain a more
complex morphology and do, for instance, not cease to express GLT-1 over time (Gegelashvili
et al., 1997; Schlag et al., 1998; Gegelashvili et al., 2000). Our organotypic slice culture
protocol resulted in a well-preserved cytoarchitecture of the hippocampus and only few
damaged cells were identified after 19-25 d.i.c. by propidium iodide assay. It is noteworthy,
that the majority of these dead cells was located in the stratum lacunosum-moleculare and that
these were aligned like pearls on a chain, probably corresponding to degenerated blood
vessels (3 £ 0.6 cells CAl subfield; 18 + 3.4 entire hippocampus; 6 slices; N=3; data not
shown). Organotypic slice cultures treated with 1 mM H,O,; thereby served as positive control
for the propidium iodide assay, thus as reference of maximal cell damage. After the culturing
period of 19-25 d.i.c. hippocampal slices flattened to a thickness of 40-50 um and were
composed of 3 to 4 cell layers. Immunohistochemistry revealed that nearly all GFAP-
expressing cells labeled positive for S1008, an astrocyte marker defining a more mature
developmental stage (Raponi et al., 2007; Fig. 2). Surprisingly, hippocampal slice cultures
also exhibited a good receptiveness for SR101 (see Fig. 1), a vital dye which is selectively
taken up by astrocytes in vivo and in acute tissue slices (Nimmerjahn et al., 2004; Kafitz et al.,
2008; Nimmerjahn and Helmchen, 2012), but not by astrocytes in vitro (data not shown).
When SRI101 was applied to hippocampal slice cultures of transgenic mice (FVB/N-
Tg[GFAPGFP]) in which the GFAP promoter controls GFP expression, the vast majority of
GFAP-expressing cells incorporate SR101, resembling the in situ situation (approximately
95%; see Fig. 1A). All cells that showed endogenous GFP expression but no SR-101 uptake
exhibited an immature morphology with few if any processes and smaller cell bodies
compared to GFP(+)SR101(+)-cells.

To conclude, since preliminary testing revealed no significant cell degeneration, a well-
preserved tissue organization and good SR101 acceptance, we assigned this culturing system
well feasible to study astrocytic activation following lesion induction.

Mechanical lesion induced severe reactive astrogliosis

To investigate severe astrogliosis in our culture system, that is an astrocytic reaction to
injury comprised of different gradations of reactive gliosis and glial scar formation, we have
triggered this glial response via a scratch wound through the hippocampal CAl-region. After
induction of this mechanical lesion (see Material and Methods for the detailed procedure; see
also Fig. 2A) a considerable overall increase in GFAP expression was visualized by
immunohistochemistry and western blot analysis 6-7 dpl (67% increase compared to control
levels; p < 0.001; Fig. 2B and 2C). It is of note that due to the in vitro situation already
unlesioned slice cultures showed an increase in GFAP content compared to adult (P60-P70)



mouse tissue (data not shown). Nevertheless, a GFAP increase in lesioned compared to
control slice cultures was measureable in all paired litter mate probes analyzed (14 probes, 6
sibling pairs). Spatially, the most pronounced enhancement of GFAP immunoreactivity was
evident in the direct vicinity of the lesion site (within a distance of 50 um; Fig. 2C and 2D).
In this particular region adjacent to the lesion site the mostly “palisading” GFAP(+)-fibers
formed a dense meshwork. The numerous GFAP labeled processes were considerably
thickened compared to those more distal from the lesion site. Mild to moderate GFAP
hypertrophy, however, was found in the entire hippocampus. Cellular inspection revealed that
activated astrocytes generally bore more and longer GFAP-immunoreactive processes (Fig.
2E). Compared to control astrocytes, they displayed a more fibrous and frayed structure. The
GFAP filaments extended less bundled and wavy from the astrocytic cell body, indicating
alterations in proper organization of the astrocyte intermediate filament. These structural
changes became more pronounced with proximity to the lesion site.
The territory next to the lesion was not only characterized by a prominent GFAP meshwork,
but also by intense S1008 accumulation (Fig. 2D). Unlike more distant from the lesion, S1008
immunoreactivity couldn't be exclusively assigned to intracellular compartments.
Unexpectedly, our investigation further revealed that those reactive astrocytes alongside the
scratch wound, which were identified by their GFAP expression, ceased to accept SR101 (Fig.
3). As stated before, under control conditions almost all GFAP-expressing cells, thus
identifying them as cells of the astrocytic lineage, incorporated SR-101 (Fig. 3B). This
bordering area free of SR101(+)-astrocytes had a mean width of 111 + 3 ym (values ranging
between about 86-146 um) in the strata pyramidale and radiatum (N = 5; cf. Fig.3). Both, the
inability to either take up SR101 or to prevent dye leakage and the extracellular S1008
presence suggest that membrane properties of astrocytes change upon activation. To
determine the amount of SR101(+)-cells on the total number of cells in the stratum radiatum
in controls versus lesioned slices, we performed double-labeling with SR101 and the ester
form of sodium-binding benzofuran isophthalate (SBFI), a conventional Na'-selective
fluorescent dye that exhibits similar properties as Fura-2 (Minta and Tsien, 1989; Meier et al.,
2006; Langer and Rose, 2009). As aforementioned, no SR101 uptake was accomplished by
astrocytes found in the narrow region next to the lesion site. But SR-101 incorporation also
seemed to be impaired more peripheral, as the proportion of SR101(+)-cells in the stratum
radiatum significantly declined from approximately 91% to 55 % of all SBFI-labeled cells
(control: n = 274; N = 16; lesion: n = 123; N = 7; data not shown). The percentage of cells
found in control slices compares favorably with values previously obtained for acute slices at
P15 (Kafitz et al., 2008). In order to further evaluate the apparent heterogeneity between
proximal reactive astrocytes (PRA) and distal reactive astrocytes (DRA), we determined the
cytoplasmic cell volume based on the size of SBFI-labeled cell bodies found in the focal
plane. Analysis revealed that somata sizes of both, PRAs and DRAs were considerably
enlarged (Fig.4). Compared to control astrocytes, the soma size of DRAs was 12 % larger,
while cell body size of PRAs was even increased by 16 % (control: 133.7 + 1.4 um*; DRA:
150.4 + 2.6 um*; PRA: 155.4 + 5.3 um’; p < 0.001; n = 442, 152 and 41, respectively; Fig.
4B). As illustrated by figure 4A, enlargement of the cell bodies was moreover accompanied
by pronounced thickening of the primary processes.

Despite these findings, no significant change in neuronal cell size were observed (control:
150.5 + 1.7 um?; lesion: 153.7 + 3.5 um?; n = 329 and 77, respectively; data not shown).



However, propidium iodide assay revealed that massive cell death in the stratum pyramidale
adjacent to the lesion side was triggered one week after lesion induction within an average
distance of 100 + 14 um (N = 3), that was confined to the CA1 subregion (53 + 8.5 PI(+)-cells
CA1 subfield; N = 4; data not shown). Based on the particular layer propidium iodide uptake
was limited to, which almost exclusively consists of neuronal cells and based on the known
susceptibility of CA1l neurons to under-provision (McCullers et al., 2002; Ouyang et al.,
2007), death cell was assigned particularly to pyramidal neurons.

All observations presented so far show that the lesion model utilized here is well suitable
to investigate severe astrogliosis with compact glial scar formation. Upon mechanical injury
delayed neuronal cell death and astrocytic activation are triggered in the hippocampal CA1l
subregion: astrocytes significantly up-regulate GFAP, undergo massive morphological
changes and become hypertrophied. A subset of reactive astrocytes within a distance of
approximately 100 ym from the lesion site, named PRA, even decline acceptance of SR101,
suggesting heterogeneity among the astrocytic response in dependence on the severity of
tissue damage.

Astroglial glutamate transporter protein levels are changed one week after mechanical
injury

In the sequel, this mechanical lesion model was employed to investigate whether severe
reactive astrogliosis leads to alterations in astrocytic glutamate transporter expression. To
determine spatial and overall protein levels of the astrocytic glutamate transporters, GLAST
and GLT-1, we utilized immunohistochemistry as well as western blot analysis (Fig. 5 and 6).
Immunhistochemical visualization of both glutamate transporters revealed that accumulations
of immunopositive GLT-1 and GLAST puncta were preferentially localized at the distal end
of processes that were directed towards the lesion site (see arrowheads in Fig. 5A and 5B).
These were particularly pronounced when it comes to GLAST. As component of the dense
glial scar these processes exhibited the highest GFAP immunoreactivity in lesioned
preparations. Besides these dense cluster regions GLAST immunoreactivity remained
basically unaltered, whereas GLT-1 immunoreactivity generally declined graduated with
distance from the wound (as far as 250 um from the lesion site). As results gained with
immunohistochemistry can be influenced by factors like the ability of the antibody to
penetrate tissue (e.g. to dense scar tissue) and as quantification is difficult to perform we
subsequently performed immunoblots. For this we used the same probes that were earlier
tested for GFAP enhancement. Induction of a mechanical lesion resulted in opposed changes
in total GLT-1 and GLAST protein content as ascertained by western blot analysis (Fig. 6).
Compared to GLT-1, which protein content did not change significantly, GLAST protein
content increased by 15% in lesioned compared to control slice cultures (p < 0.001; 12
probes, 6 sibling pairs). To give consideration to the multimerization of both glutamate
transporter (see Haugeto et al., 1996; Peacey et al., 2009) we also analyzed the monomeric
and the multimeric forms of both transporters. Several bands were detected in organotypic
slice culture homogenates (Fig. 6B and 6C) that most likely correspond to the monomeric and
the oligomeric forms of both glutamate transporters. The experimentally determined
molecular weights of the monomeric forms of GLAST (~60 kDa) and GLT-1 (~65 kDa) are in
good agreement with calculations using the ExXPASy compute pl/Mw tool for murine GLAST
(59.6 kDa) and GLT-1 (62.1 kDa). For GLT-1, two additional multimerization types were
present: a trimeric and a tetrameric form (Fig. 6B). An additional dimeric (120 kDa) and a
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trimeric form (180 kDa) can be observed for GLAST (Fig. 6C). In order to perform
quantification of both monomeric and multimeric protein content within the dynamic signal
range, exposure latitudes were recorded. For GLT-1 the monomeric form (65 kDa) showed a
considerable decline in protein content (14.3%; p < 0.05), while trimeric form (190 kDa) and
tetrameric form (> 200 kDa) showed no difference to control conditions. GLAST on the other
hand showed surprisingly no change of the monomeric form, but a substantial up-regulation
of both multimeric forms (20.8 and 12.8%, respectively; p < 0.001).

Thus, after induction of severe astrogliosis GLAST multimer levels are generally
increased, whereas the GLT-1 monomer content is decreased 6-7 dpl. Moreover, spatially
restricted accumulations of GLAST and GLT-1 clusters are found at the astrocytic process
endings facing the border of the scar.

Changed kinetics of glutamate transporter mediated sodium transients in reactive astrocytes

We then addressed the question how these changes in glutamate transporter composition
affects high-affinity glutamate uptake. To evaluate glutamate transporter function in lesioned
and control slice cultures we performed sodium imaging experiments with SBFI. First and
foremost, to be able to calculate absolute sodium concentrations from the measured relative
fluorescence values, SBFI calibration was performed in organotypic slice cultures (Fig. 7D
and 7E). For a detailed description on the calibration procedure, the reader is kindly referred
to earlier publications (Langer and Rose, 2009) + Schreiner & Rose, 2012). In our model
system, a change in fluorescence ratio of 10% in the linear range corresponded to a change of
sodium concentration by 5.5 mM (n = 107; N = 6, Fig. 6), comparable to results obtained in
acute hippocampal slices (7.1 mM: Langer & Rose, 2009; 3.8 mM: Langer et al., 2012; Fig.
7D and 7E). Previous studies showed that either bath or local pipette application of D-
aspartate activates glutamate transporters in astrocytes in vitro and in situ (Rose and Ransom,
1996; Langer and Rose, 2009). This process is coupled to an inward-directed transport of
sodium and thus results in a measureable increase in the intracellular sodium concentration.
Pressure application of 1mM D-aspartate for 500ms was used to induce glutamate uptake in
this study (Fig. 7B). Afore performed dose-response analysis showed that 1 mM D-aspartate
resulted in intracellular sodium transients of 3.8 + 0.2 mM, that were still in the dynamic
range, but close to transporter saturation (SmM D-aspartate induced [Na']; changes of 4.7 +
0.5 mM; n = 19; N = 3; Fig. 7C). Throughout experiments ASCF was supplemented with 0.5
uM tetrodotoxin (TTX) to inhibit neuronal activity. Of the CA1 subregion, all cells positioned
in the stratum pyramidale were excluded from the data analysis as the vast majority of these
cells represent neurons. We subdivided the remaining SBFI-labeled cells of the stratum
radiatum into two groups, proximal reactive astrocytes (PRA), which were not SR101 labeled
within a distance of approximately 100 um from the lesion site and distal reactive astrocytes
(DRA) in the periphery of the lesion (> 100 um). Our experiments revealed that the peak
amplitude of D-aspartate induced sodium transients of control astrocytes and DRA were
unaltered (3.8 £ 0.2 mM and 3.8 = 0.3 mM, respectively; Fig. 8D). However, PRA displayed
significant decreased peak amplitudes: the amplitude was about 2.5-fold smaller compared to
control astrocytes and DRA, respectively (1.6 = 0.21 mM; p < 0.001; Fig. 8C and 8D).
Analysis of the rise rate, determined by the time passed between 10 % and 90 % of baseline to
peak (often also referred to as 10%-90% rise time), further revealed that DRA exhibited a
significantly prolonged (4.3-times) rise rate as compared to control astrocytes (control: 0.9 +
0.05 A mM/s; DRA: 0.6 = 0.06 A mM/s; p < 0.001; Fig. 8E). The rise rate was even more



decelerated in PRA (0.2 = 0.04 A mM/s). Analogous profound alterations were observed for
the decay rate. As observed in earlier studies, the decay phase of intracellular Na" transients
followed a mono-exponential time course (e.g. Rose et al., 1999; Bennay et al., 2008; Fig. 8B
and 8C) Fig. 8B and 8C). Thus, the decay time constant T (time until 1-1/e = 63.2 % of Na"
basal levels are re-established) was determined and used to calculate the decay rate.
Compared to the decay rate of control astrocyte (0.03 + 0.002 A mM/s), the decay rate of DRA
was 1.7-times smaller, the one of PRA even 4.8-times (0.02 £ 0.002 A mM/s and 0.01 + 0.005
A mM/s, respectively; p <0.001; Fig. 8F).

As we have seen, all cells investigated in mechanically lesioned slice cultures exhibited
prolonged kinetics of EAAT-mediated sodium transient as compared to controls. Both, the rise
and the decay rate were severely slowed in DRA and PRA, PRA however were most intensely
affected. Additionally, the peak amplitude of EAAT-induced sodium transients was
exclusively scaled-down in PRA. Thus, the glutamate re-uptake capacity, the time scale of
EAAT-induced sodium rise and recovery were severely impaired in PRA. DRA kinetics were
likewise affected, however to a minor degree and glutamate re-uptake capacity was apparently
unchanged. These findings are suggestive of an impaired function of astrocytic glutamate
transporters and, moreover, of different degrees of alterations depending on the distance to the
lesion site.



Discussion

Here, we employed hippocampal organotypic slice cultures as model to study the
consequences of TBI in intact tissue. Mechanical lesion was followed by substantial up-
regulation of GFAP, as demonstrated by immunohistochemistry as well as western blot
analysis, and considerable hypertrophic swelling one week post-lesion. In the region
bordering the lesion site astrocyte organization was completely distorted. GFAP(+)-processes
were corrugated, elongated and partially radially re-arranged towards the lesion site.
Astrocytes in this particular region displayed the most pronounced increase in cell body
volume. Neuronal cell volume was not affected, delayed cell death of neurons next to the
lesion site in the CA1 subregion was however observable. All the aforementioned findings are
by all means indicative of severe reactive gliosis with formation of a define glial scar and
neuronal degeneration as found in TBI (cf. Di Giovanni et al., 2005; Sofroniew, 2009;
Sofroniew and Vinters, 2010). It can thus be confidably assumed that astrocytes become
pathologically activate in the present TBI in sifu model.

The most significant outcome gleaned from this data is that two distinct subtypes of
reactive astrocytes could be classified upon criteria such as their distance from the lesion site,
their capability to take up SR-101 and their glutamate uptake capacity.

It was already firmly established in recent years that astrocytes in the cortex and the
hippocampus selectively incorporate the fluorescence dye SR101 and its fixable analogue
Texas Red in situ and in vivo (Nimmerjahn et al., 2004; Kafitz et al., 2008; Nimmerjahn and
Helmchen, 2012). Even though the precise uptake mechanism is still unknown, SR101 has
become a widely used and appreciated tool to identify astrocytes. In this study we could show
for the first time that induction of severe astrogliosis results in the inability of a subpopulation
of reactive astrocytes adjacent to the lesion site to label for SR101. An earlier study already
showed that the number of SBFI labeled cells in the stratum radiatum and in particular of
electrophysiologically passive astrocytes that take up SR-101 increases substantially in the
second to third postnatal week (Kafitz et al., 2008). While at P3 only 50 % of the SBFI
labeled stratum radiatum cells were SR101-positive, the number had increased to 90 % by
P15. In good accordance, we have determined a fraction of approximately 91 % SBFI —
labeled, SR101-positive in the stratum radiatum of un-lesioned slice cultures. Intriguingly,
this value declined to 56 % in the periphery of the scar (> 100 gm) one week after mechanical
lesion. It can be speculated that PRAs in particular, based on their complete inability to accept
SR101, might regain a more juvenile phenotype. That de-differentiation of mature astrocytes
actually occurs in reactive gliosis was impressively shown by fate-mapping experiments
performed by the group of Magdalena Gotz (Buffo et al., 2008; for an review article see ;
Robel et al., 2011). However, re-entry of the cell cycle was apparently limited to subset of
reactive astrocytes, which were found within a distance of 100 gm from the lesion site, thus
probably corresponding to the PRAs investigated here (Lee et al., 2003; Buffo et al., 2008;
Barreto et al., 2011). Our results thus give support to earlier work, which already described
the existence of two immunohistochemically, electrophysiologically and morphologically
distinct subtypes of reactive astrocytes, manifested by the distance from the primary lesion
(MacFarlane and Sontheimer, 1997; Chvatal et al., 2008; Barreto et al., 2011). They
demonstrated that PRA within a distance of 100 um exhibited enhanced Kpgr currents, labeled
positive for nestin, GFAP and BrdU, while DRA in the periphery were nestin(-), did not



proliferate and showed a temporal up-regulation of Kig currents (> 100 um; Perillan et al.,
1999; Perillan et al., 2000). Furthermore, DRA, unlike the scar-forming PRA, undergo only
moderate changes of their healthy astrocytic phenotype and show apparently full recovery of
their normal morphological and functional features after several weeks (Chvatal et al., 2008).
Thus, considering already published and here presented data, it can be assumed that the
reactive astrocyte phenotype strongly depends on the type and severity of the inducing injury
(Ridet et al., 1997; Chvatal et al., 2008; Barreto et al., 2011).

These two types of reactive astrocytes further exhibited a differentially impaired glutamate
transporter distribution and re-uptake capacity. The protein-based analysis of both GLT-1 and
GLAST that was performed one week after prime injury provided important insights into
changes in protein distribution, quantity and multimer composition of the individual
transporters upon severe injury. First of all, immunohistrochemistry showed that pronounced
glutamate transporter accumulations, particularly of GLAST, at endings of astrocytic
processes are induced at the border of the lesion site. When considering the vicinity of the
wound as area of massive glutamate extrusion due to damaged or dead cells, decline in
inhibitory projections, excitotoxicity, dendritic sprouting and path finding, the appearance of
glutamate transporter clusters seems not to be surprising (Horner and Gage, 2000; Danbolt,
2001; Hinzman et al., 2010). Reversible cluster formation was shown to be inducible by e.g.
the EAAT substrates L-glutamate, D-aspartate, ATP and the protein kinase C (PKC-)activator
phorbol-12-myristate-13-acetate in vitro (PMA; Poitry-Yamate et al., 2002; Zhou and
Sutherland, 2004; Nakagawa et al., 2008; Shin et al., 2009). Just currently Benediktsson and
coworkers demonstrated that this local EAAT protein redistribution can also be triggered in
situ (Benediktsson et al., 2012). Cluster formation was inhibited in sodium-free solution and
when glutamate transporter blockers like DL-threo-B-benzyloxyaspartic acid (DL-TBOA) and
dihydrokainate (DHK) were added (Nakagawa et al., 2008). The authors of the latter study
speculated that very high glutamate concentrations would be necessary to induce cluster
formation in vivo, as they possibly appear under pathological conditions. Along with GLAST
clustering we found that multimerized, but not monomeric, GLAST protein content was
significant increased. Opposed to this finding, GLT-1 multimer levels were unaltered, while
GLT-1 monomer quantity was decreased. Accordingly, immunohistochemistry demonstrated a
decline in GLT-1 protein. Reactive astrogliosis thus appears to affect the expression and
multimerization of both astrocyte glutamate transporters differentially. Although several
studies have acknowledged glutamate transporters congregation, no study has beforehand
addressed altered glutamate transporter multimerization in a pathophysiological context
(Haugeto et al., 1996; Schlag et al., 1998; Kalandadze et al., 2002; Peacey et al., 2009)

Present research also shows for the first time that EAAT-mediated sodium signaling in
proximal and distal reactive astrocytes is dissimilar impaired. The massive changes in
astrocytic EAAT protein levels and distribution were accompanied by diverging functional
changes in both, PRA and DRA. PRAs in the direct vicinity of the lesion site exhibited
significantly reduced Na' transient amplitudes with slowed dynamics. DRAs, which were
localized more distant from the site of wound, showed Na' responses with unchanged
amplitudes, but with compromised rise and decay rates. It thus seems that not only glutamate
transporter expression of the two astrocytic subtypes is differentially affected by brain injury,
but that glutamate transporter operation is further differentially impaired in different subsets
of reactive astrocytes.



This study further revealed that the internal sodium clearance following EAAT activation is
delayed. The slowed decay rate of EAAT-mediated sodium transients observed here might
indicate that mechanical injury impairs not only EAAT function, but also Na'/K'-ATPase
activity, since the mono-exponential decay time course of sodium can be mainly ascribed to
the pump’s activity (Lima et al., 2008). Reduction in Na'/K'-ATPase expression was often
found to be associated with pathological conditions (Gusarova et al., 2011). But a slowed
clearance of internal sodium might also be due to a reduced pool of membrane-integrated
Na'/K'-ATPase protein, changes in the composition of the al- and a2-subunit and hence
changes in sodium affinity and disassembly of the heteromeric protein subunits (Xie and
Askari, 2002). In recent years it was established that in astrocytes glutamate transporters and
the Na'/K'-ATPase are both part of the same macromolecular complex and that they operate
as a functional unit to regulate glutamatergic transmission (Cholet et al., 2002; Rose et al.,
2009). Based on this close interaction, alterations of the glutamate transporters may affect
Na'/K'-ATPase content and function in a concentration-dependent manner, as suggested by
the present research. Furthermore, sodium is not buffered in the cell and travels solely by
means of diffusion in the cytoplasm. Hindered diffusion, resulting from increased cytoplasmic
protein content or impaired gap junction coupling which both occur upon astrocytic
activation, might thus also partially contribute to delayed sodium recovery (Chew et al., 2010;
Middeldorp and Hol, 2011).

Conclusion

Present experimental data indicates that the functional response of astrocytes upon
pathological activation is diverse, depending on the severity of brain damage. Mild to
moderate astrogliosis in the periphery of a mechanical lesion seems not to be accompanied by
a significant change in glial glutamate uptake capacity. At the glial scar itself, in proximal
reactive astrocytes, a strong clustering of glutamate transporters is observed that apparently
goes along with a severe functional reduction in astroglial glutamate uptake. A better
understanding of this functional diversity is urgently needed, to develop treatment approaches
that specifically target a certain subsets of reactive astrocytes.
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Figure Legends

Figure 1. Astrocytes in hippocampal organotypic slice cultures after 19-25 days in culture. (A)
Morphological comparison of astrocytes in acute slices and organotypic slice cultures of the
hippocampus.Shown are SR-101 labeled cells (left row) expressing GFP under control of the GFAP promoter
(FVB/N-Tg[GFAPGFP]14Mes/J mice; right row) in acute slices (upper column) and organotypic slice cultures
(lower column). Almost all SR-101 positive cells in organotypic slice cultures showed detectable GFP levels,
identifying them as astrocytes. The ratio of SR-101 labeled and GFP expressing cells in this in vitro system is
comparable to the in sifu situation. Asterisks indicate SR-101 labeled cells that do not express GFP and
arrowheads GFP(+)/SR-101(-) cells. The dashed line highlights the boundary of the stratum pyramidale.
Documentation was accomplished by a confocal laser scanning microscope (15 optical slices &4 1 um). (B) Lefi:
Inverted picture of an SR-101 overview staining in hippocampal organotypic slice cultures (taken with a
confocal laser scanning microscope, 20 optical slices & 1 um). The green marked region accentuates the stratum
pyramidale, the boxed area indicates the CAl region this study focused on. Right: Immunohistochemical
staining detecting the astrocytic marker glial fibrillary acidic protein (GFAP) and S100 calcium binding protein 3
(S1008). DAPI counterstaining was performed to visualize cell nuclei. The upper row shows the individual
fluorescence images of GFAP (left) and S1008 (right), the lower row DAPI counterstaining (blue; left) to
visualize the pyramidal cell layer, and the merge of the antibody double-staining (GFAP= green; S1006=
magenta; right). The dashed line highlights the boundary of the strata pyramidale and radiatum. Documentation
was accomplished by widefield epifluorescence microscopy (Nikon 90i). Both, uptake of SR-101 and the
expression of GFAP and S1008 demonstrate that astrocytes in hippocampal organotypic slice cultures do not
maintain their rather immature phenotype after 19-25 days in vitro. DAPI, 4',6-diamidino-2-phenylindole; GFAP
= glial fibrillary acidic protein; GFP, green fluorescence protein; S1008, S100 calcium binding protein; SR-101,
sulforhodamine 101; StrO, stratum oriens; StrP, stratum pyramidale; StR, stratum radiatum; StrtLM, stratum
lacunosum-moleculare; SttM, stratum moleculare; Scale bars: (A) 50 um, (B) 100 um (leff) and 50 um (right),
respectively.

Figure 2. Induction of severe reactive gliosis by mechanical injury. The employed scratch wound assay
reliably induced reactive gliosis. (A) Mechanical lesion model: The scratch wound was positioned in the CAl
area perpendicular to the stratum pyramidale, included the strata oriens, pyramidale, radiatum and lacunosum-
moleculare and spanned the entire depth of the slice. For western blot analysis CA1 tissue pieces with a width of
about 700 um were excised. (B) fop: western blot analysis detecting GFAP in control and lesioned litter mates.
bottom: quantification of western blot data. Western blot analysis revealed a significantly increased protein
content of the canonic GFAP form in lesioned slice cultures compared to control litter mates (50 kDa band; p <
0.001). The data was statistically analysed by Chi*-test (*** p < 0.001; n = 14 probes, N = 5; 6 sibling pairs). (C)
GFAP antibody visualization in an overview picture of the hippocampus and a corresponding detail of the CA1
region (as indicated by the dashed box) underneath. The dashed line in the right detail indicates the position of
the lesion core. GFAP expression substantially increases 6-7 days post lesion, in particular besides the lesion site.
(D) Staining pattern of GFAP (fop) and S1008 (bottom) adjacent to the lesion site. Particular in the scar region
GFAP and S1008 expression are highly up-regulated. (E) illustrates the GFAP network of a control astrocyte and
of a peripheral reactive astrocyte (DRA) in a distance of approximately 150 4m from the scratch wound. Number
and thickness of processes increases and GFAP filaments became undirected. The position of the astrocytic cell
bodies is indicated by asterisk. Documentation of (C) was accomplished by widefield epifluorescence
microscopy (Nikon 90i), while all other images were taken with a confocal laser scanning microscope (15 optical
slices a 1 um). AL, alveus; EC, entorhinal cortex; GFAP, glial fibrillary acidic protein; StrO, stratum oriens; StrP,
stratum pyramidale; StrR, stratum radiatum; StrLM, stratum lacunosum-moleculare; Scale bars (B) 200 um and
50 um, respectively, (D) 10 um, (E) 10 ym.

Figure 3. Diminished SR-101 uptake in reactive astrocytes. (A) shows an inverted representation of an SR-
101 stained slice cultures of the hippocampus 6-7 days post lesion (the stratum pyramidale is highlighted for
better orientation). An image with a higher magnification of the lesion area can be found on the right site. In
mechanically lesioned slice cultures astrocytes take up less SR-101 or are even completely devoid of labeling in
the direct vicinity of the lesion side (indicated by the dashed line). Those SR-101-positive cells, positioned at the



border of this barely labeled area, directed prolonged processes towards the lesion core (asterisk; see magnified
astrocyte at the right lower corner). (B) Transgenic animals (FVB/N-Tg[GFAPGFP]14Mes/J) expressing green
fluorescence protein (GFP) under the GFAP promoter could demonstrate that cells that took up the sodium
sensitive dye SBFI, but not SR-101, near the lesion site in the stratum radiatum were indeed astrocytic cells.
Shown is the SR-101, GFP-GFAP, SBFI fluorescence and the transmission image of the stratum radiatum (CA1
region) near the lesion site. Documented was accomplished with a widefield epipfluorescence microscope that
was alike used for sodium imaging recordings. AL, alveus; EC, entorhinal cortex; GFAP, glial fibrillary acidic
protein, GFP, green fluorescence protein; SBFI, sodium binding benzofuran isophthalate; SR-101,
sulforhodamine 101; StrO, stratum oriens; StrP, stratum pyramidale; StR, stratum radiatum; StrtLM, stratum
lacunosum-moleculare; Scale bars: 100 um (upper left) and 20 um (other images), respectively.

Figure 4. Impaired cell volume regulation and decreased basal sodium levels. (A) Confocal Image of
astrocytes that express GFP under the control of the GFAP promotor in lesioned (fop) and control (bottom)
hippocampal slice cultures (10 optical slices 4 1 um). Cells marked by arrowheads are presented in a higher
magnification on the right side (A"). To accentuate cell body size, somata are framed by a dashed outline. In
lesioned slices one proximal reactive astrocyte (PRA) and one distal reactive astrocyte (DRA) is displayed. (B)
shows the quantification of cell body volume and determined by SBFI fluorescence (not shown). Cytoplasmic
cell volume increase was seen in all both reactive astrocyte types under investigation. Compared to control
astrocytes DRA soma size was 12 % and PRA soma size 16 % enlarged (p < 0.001; control: n =442; DRA: n =
127; PRA: n = 28 in N = 19 and 9, respectively). Data was statistically analyzed by Student’s ¢ test (*** p <
0.001; n.s. > 0.05). GFAP, glial fibrillary acidic protein; GFP, green fluorescence protein; SBFI, sodium binding
benzofuran isophthalate; StrP, stratum pyramidale; SttR, stratum radiatum; SttLM, stratum lacunosum-
moleculare; Scale bar: 10 um

Figure 5. Spatial glutamate transporter distribution after mechanical injury. (A) represents inverted images
of immunohistochemical stainings detecting the glutamate transporters GLT-1 (top row) and the astrocytic
intermediate filament GFAP (bottom row) as counterstaining in control (left column) and lesioned slice cultures
(right bottom). (B) shows a corresponding GLAST (top row) and GFAP doublelabeling of a mechanically
lesioned slice culture. After mechanical lesion induction, concentrated glutamate transporter immunoreactive
puncta are found accumulated in the direct vicinity of the lesion site (arrowheads). GLT-1 immunoreactivity
generally declined while GLAST immunoreactivity was basically unaltered disregarding the dense GLAST
cluster. GFAP, glial fibrillary acidic protein; GLAST, glutamate aspartate transporter; GLT-1, glutamate-
transporter-1; StrO, stratum oriens; SttP, stratum pyramidale; SttR, stratum radiatum; SttLM, stratum
lacunosum-moleculare; Scale bars: (A) 40 um, (B) 20 um.

Figure 6. Changed glutamate transporter expression and multimer composition following mechanical
injury. Western blot analysis revealed that 6-7 days post lesion total GLT-1 and GLAST protein content show
converse changes. (A) Comparison of overall GLT-1 and GLAST protein content showed that GLT-1 expression
was basically unaltered (leff), while GLAST content (right) was significantly increased in lesioned slice cultures
compared to controls (15 %; p < 0.001). Exemplary detection of GLT-1 and GLAST protein, respectively, on
western blots can be gathered from (B) and (C). Western blot revealed several bands corresponding to the
different monomeric and multimeric forms of the respective glutamate transporter. (B) Quantitative analysis of
the complex composition of GLT-1 demonstrated that only the monomeric form was significantly altered
exhibiting 5 % lower protein levels after mechanical lesion compared to control conditions (p < 0.05). (C)
GLAST on the other hand showed an increase of both multimers, the dimeric and the tetrameric complex form,
but not of the monomeric form (p < 0.001; GLT-1: n= 38 probes, 6 sibling pairs; N =5; GLAST: n= 48 probes, 6
sibling; N = 5.). Data was statistically analyzed by Chi’-test (* p < 0.05; *** p < 0.001; n.s. > 0.05).

Figure 7. SBFI imaging in hippocampal organotypic slice cultures. (A) Left: image of SR-101 fluorescence
in which astrocytes are labeled in red. Middle left: Image of the SBFI fluorescence taken from the same area with
neuronal and glial cells stained in green. Cell bodies of CA1 pyramidal neurons can be recognized in the stratum
pyramidale (StrP). Middle right: overlay of both fluorescence channels in which SBFI-loaded, SR101-positive
astrocytes appear in yellow. Right: transmitted light image of this particular detail of the hippocampal CAl
region. (B) illustrates sodium transients typically elicited by local application of 1 mM D-aspartate. (C) Dose-



response analysis showed that stimulation with 1 mM D-aspartate resulted in intracellular sodium transients of
3.8 £ 0.2 mM, thus still in the dynamic response range, but close to transporter saturation (about 5 mM). (D)
Left: calibration of the sodium sensitivity of SBFI in astrocytes. Cells were bolus-loaded with the membrane-
permeable form SBFI-AM and then subjected to calibration solution containing ionophores and ouabain for
accelerated equilibration. Stepwise changes in the extracellular sodium concentration from 0 to 40 mM and back
caused stepwise changes in the fluorescence ratio of SBFI (F340/F380). Right: relationship between changes in
fluorescence ratio (4F340/F380) and intracellular sodium concentration, normalized to the ratio in sodium-free
calibration saline. Shown are mean values + S.E.M. (n = 107 cells; N = 6). The fit reveals a virtually linear
relationship between 10 and 40 mM sodium. Within this range, a 10% change in fluorescence emission
corresponds to a change of about 5.5 mM sodium. SBFI, sodium binding benzofuran isophthalate; SR-101,
sulforhodamine 101; StrP, stratum pyramidale; StrR, stratum radiatum; Scale bar: 20 ym.

Figure 8. Altered glutamate transporter-mediated sodium transients in reactive astrocytes. (A) images of
the SBFI fluorescence (/eft) and of the SR101 fluorescence (right) taken from the hippocampal CAl area of
double labeled control (upper row) and lesioned (bottom row) hippocampal organotypic slice cultures. The
transmission picture visualizes the position of the stimulation pipette. Circles indicate the regions of interest
analyzed in the experiment depicted in (C). The lesion site is indicated by the dashed line. (B) D-aspartate
mediated activation of EAATSs resulted in sodium transients with distinct signal kinetic in distal (DRA) and
proximal reactive astrocytes (PRA). (C) The rise rate of somatic sodium transients is considerably prolonged in
DRA (2) and PRA (3) compared to control astrocytes (/), thereby PRA showed the slowest slope (p < 0.001).
The quantification of this observation can be found in (E). (D) The mean peak amplitude of sodium signals in
DRA was not different from the one in control astrocytes. The average peak amplitude of PRA however was
significantly smaller (p < 0.001). Analogous to the altered rise rate, decay rate of EAAT-mediated sodium
transients was slowed, the severity of impairment corresponded to the proximity to the lesion site: Both, sodium
decay rate in PRA and in DRA was slowed, PRA, though, showed the most pronounced impairment of sodium
recovery compared to DRA (p < 0.001). Data was statistically analysed by Student’s ¢ test (** p < 0.01; *** p <
0.001; n.s. > 0.05; Control: n = 161; N = 12; DRA: n = 111 and PRA: n = 26; N = 7). SBFI, sodium binding
benzofuran isophthalate; SR-101, sulforhodamine 101; StrP, stratum pyramidale; StrR, stratum radiatum; Scale
bar: 40 ym.
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Erratum

page 30:
(QUELLEN; Grewer et al., 2008) has to be replaced by (Mitani & Tanaka, 2003; Weller et al., 2008;
Grewer et al., 2008; Liao et al., 2009).

page 141:
To add: Liao G, Zhou M, Cheung S, Galeano J, Nguyen N, Baudry M, Bi X (2009) Reduced early

hypoxic/ischemic brain damage is associated with increased GLT-1 levels in mice expressing mutant

(P301L) human tau. Brain Res. 1247:159-70.

page 148:
To add: Weller ML, Stone IM, Goss A, Rau T, Rova C, Poulsen DJ (2008) Selective overexpression of

excitatory amino acid transporter 2 (EAAT2) in astrocytes enhances neuroprotection from moderate

but not severe hypoxia-ischemia. Neuroscience. 155(4):1204-11.
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