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Abbreviations

1. ABBREVIATIONS

AA arachidonic acid

aa amino acid

dbcAMP dibutyryl cyclic adenine monophosphate

ABC avidin-biotin peroxidase complex

AC adenylate cyclase

ACh acetylcholine

ADS antibody diluting solution

AMPA α-amino-3-hydroxy-5-methyl-isoxasole-4-

propionate

ALS amyothrophic lateral sclerosis

ASCT1 amino acid transporter 1

ASCT2 amino acid transporter 2

APS ammonium persulfate

BB bromophenol blue

BCA bicinchoninic acid

bFGF/FGF-2 basic fibroblast growth factor/fibroblast

growth factor-2

bp base pair

BSA bovine serum albumin 

cAMP cyclic adenine monophosphate

CM conditioned medium

CRE cAMP response element

cDNA complementary deoxyribonucleic acid

CNS central nervous system

DAB 3,3’ -diaminobenzindintetrahydrochloride 

dihydrate

DMSO dimethyl sulfoxide

DTT dithiothreitol

E17 embryonic day 17

EAAC1 excitatory amino acid carrier 1

EAAT1/2/3/4/5 excitatory amino acid transporters 1/2/3/4/5
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Abbreviations

ECL enhanced chemiluminescence

EDTA ethylenediaminetetraacetic acid

EtBr ethidium bromide

FCS fetal calf serum

GFAP glial fibrillary acidic protein

GLT-1 glutamate transporter 1

GLAST glutamate-aspartate transporter

GS glutamine synthetase

HBSS Hank’s balanced salts solution

HEPES N-(2-hydroxyethyl)-piperazine-N’-2-ethane

HRP horse radish peroxidase

HS horse serum

IP3 phosphatidylinositol-3-phosphate

IR immunoreactivity

kDa kilodalton

Km Michaelis-Menten equation constant

MAPK mitogen-activated protein kinase

MEK MAPK/ERK kinase

MEM minimum essential medium

M-MLV reverse transcriptase

mRNA messenger ribonucleic acid

NMDA N-methyl-D-aspartate

nt nucleotide

P1 postnatal day 1

PACAP pituitary adenylate cyclase activating

polypeptide

PAC1 PACAP receptor 1

PAC1-R-s short form of PACAP receptor 1

PBS phosphate-buffered saline

PCR polymerase chain reaction

PDTC 1-pyrrolidinecarbodithioic acid

PI3K phosphatidylinositol-3-kinase

PKA protein kinase A
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Abbreviations

PKC protein kinase C

PLC phospholipase C

PMSF phenylmethylsulfonyl fluoride

PNS peripheral nervous system

PRP PACAP-related peptide

SD standard deviation

SDS sodium dodecyl sulfate

SNAP25 synaptic vesicle associated protein 25

TAE TRIS-acetate-EDTA buffer

TBS TRIS-buffer saline

TEMED N,N,N’ ,N’-tetramethylethylenediamine

TRIS TRIS (hydroxymethyl)-amino methane

UV ultra violet

VIP vasoactive intestinal peptide

VPAC1 VIP/PACAP receptor 1

VPAC2 VIP/PACAP receptor 2

Vmax maximal velocity in Michaelis-Menten

equation
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Introduction

2. INTRODUCTION

2.1. FUNCTION AND PHYSIOLOGY OF GLUTAMATE IN THE CNS

Glutamate is the major excitatory neurotransmitter in the mammalian CNS which acts on

ionotropic and metabotropic glutamate receptors. Ionotropic receptors representing ligand-

gated ion channels are distinguished and named on the basis of non-endogenous agonist

selectivity: N-methyl-D-aspartate receptor (NMDAr), α-amino-3-hydroxy-5-methyl-

isoxasole-4-propionate receptor (AMPAr) and kainate receptor (Nakanishi, 1992;

Hollmann and Heinemann, 1994). Metabotropic glutamate receptors are G-protein coupled

receptors, which lead to the activation of various signaling pathways including

phospholipase C, D adenylate cyclase or ion channels (Nakanishi, 1994; Pin and

Duvoisin, 1995; Conn and Pin, 1997). During development glutamate is involved in cell

proliferation, differentiation and neuronal plasticity (Gallo and Ghiani, 2000). In the adult

brain glutamate regulates neuronal plasticity and synaptic strength, processes underlying

memory formation (Bashir et al., 1993; Bliss and Collingridge, 1993).

Glutamate can also be associated with pathological conditions in the brain. Low

extracellular glutamate levels result in illnesses such as amnesia, schizophrenia and other

psychoses (Goff and Wine, 1997). On the other hand, at high extracellular levels glutamate

acts as excitotoxin, which means it can injure or kill excitable cells by over-stimulation, a

process involved in various neurodegenerative diseases as well as neuronal cell death

resulting from brain injury (Olney, 1989; Meldrum and Garthwaite, 1990; Choi 1992;

Faden and Salzman, 1992; Lipton and Rosenberg, 1994).

Two distinct mechanisms underlie glutamate-mediated neurotoxicity. Rapid neurotoxicity

is associated with high Na+ influx into the cell, followed by hypotony and cell swelling

(osmotic damage). This process may occur through AMPA, NMDA, kainate receptors and

group I metabotropic receptors (Leigh and Meldrum, 1996; Nicoletti et al., 1996;

McDonald et al., 1998; Saroff et al., 2000). A second process is predominantly mediated

through NMDA receptors and involves increases in intracellular Ca++. High intracellular

Ca++ levels alter the activity of various enzymes, including proteases, endonucleases,

phospholipases and nitric oxide synthetase, leading to changes in energy metabolism as

well as oxidative and free radical damage.

6
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2.2. GLUTAMATE TRANSPORTERS AND THEIR PROPERTIES

Rapid clearance of synaptically released glutamate from the extracellular space is the

critical event in glutamatergic system. Foremost, it quickly terminates neurotransmission

and ensures a high signal to noise ratio. In addition, it prevents the accumulation of

extracellular neurotoxic glutamate levels.

In the CNS, clearance of extracellular glutamate is principally accomplished by sodium-

independent and sodium-dependent uptake. Sodium-independent uptake is presently not

well characterized and the respective carriers have not been identified so far. Moreover,

this type of glutamate transport does not have enough capacity to quickly clear excessive

glutamate levels from the extracellular space (Waniewski and Martin, 1984; Bannai, 1986;

Zaczek et al., 1987). High capacity glutamate uptake is achieved by a family of sodium-

dependent glutamate transporters (Kanai et al., 1993; Kanner, 1993; Danbolt, 1994;

Amara, 1996; Gegelashvili and Schousboe, 1997; Robinson and Dowd, 1997). To date

five family members have been cloned in rat, rabbit and human: Glutamate transporter

7

Fig. 1

Schematic representation of glutamate turnover. Glutamate is released by vesicles from glutamatergic
nerve terminals. Neurotransmission is terminated by glutamate uptake in glial cells and postsynaptic
neuron. In glial cells glutamine synthetase converts glutamate to glutamine which ensures rapid
depletion of intracellular glutamate levels.
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1/Excitatory amino acid transporter 2 (GLT-1/EAAT2), Glutamate-aspartate

transporter/Excitatory amino acid transporter 1 (GLAST/EAAT1), Excitatory amino acid

carrier 1/Excitatory amino acid transporter 3 (EAAC1/EAAT3), Excitatory amino acid

transporter 4 and 5 (EAAT4, EAAT5) (Kanai and Hediger, 1992; Pines et al., 1992;

Storck et al. 1992; Arriza et al., 1994; Fairman et al., 1995; Arriza et al., 1997; Lin et al.,

1998a). Glutamate transporters form one gene family with neutral amino acid transporters

(ASCT1 and 2). All transporters share around 50 % sequence homology with each other

and are structurally unrelated to other neurotransmitter transporter families. They posses

conserved sequences homologous to bacterial glutamate transporters and consensus

phosphorylation sites for PKC and PKA (Arriza et al., 1993; Shafqat et al., 1993;

Utsunomiya-Tate et al., 1996; Nelson, 1998).

GLT-1/EAAT2 and GLAST/EAAT1 are predominantly expressed by astrocytes

throughout the CNS. However, neuronal expression of GLT-1/EAAT2 has been reported,

notably in the forebrain (Storck et al., 1992; Rothstein et al., 1994; Lehre et al., 1995;

Furuta et al., 1997a; Brooks-Kayal et al., 1998). EAAC1/EAAT3 expression mainly occurs

in neurons and only occasionally in astrocytes (Conti et al., 1998; Furuta et al., 1997b).

Highest levels of EAAC1/EAAT3 are present in frontal cortex and hippocampus

(Rothstein et al., 1994). EAAT4 is expressed in the cerebellum by Purkinje cells (Fairman

et al., 1995). EAAT5 is primarily expressed in the retina (Arriza et al., 1997).

Recent studies suggested that GLT-1/EAAT2 is responsible for 90% of forebrain and

striatal glutamate uptake (Rothstein et al., 1996; Tanaka et al., 1997). Conversely,

GLAST/EAAT1 seems to perform 60% of glutamate uptake in cerebellum (Watase et al.,

1998). The high uptake of glutamate into astroglia as compared to neurons is the result of

the rapid conversion of glutamate to glutamine in astrocytes by the enzyme, GS and the

subsequent rapid depletion of intracellular glutamate stores.

Transport of glutamate by glutamate transporters follows a defined stoichiometry. Based

on recent findings it has been proposed that transport of one glutamate molecule requires

co-transport of three Na+ ions and one H+ ion and antiport of K+ ion (Bouvier et al., 1992;

Zerangue and Kavanaugh, 1996; Levy et al., 1998). Recently, it was observed that

glutamate transporters also act as ligand-gated chloride channels (Fairman et al., 1995).

The highest chloride conductance was found with EAAT4 and EAAT5 which show low

glutamate uptake capacity, whereas transporters with high uptake capacity such as

EAAT1-3 exhibit only low chloride conductance (Lester et al., 1996).

8
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2.3. TRANSPORTERS IN ACUTE AND CHRONIC BRAIN DISEASES

Extracellular glutamate levels are significantly increased in traumatic brain injury,

hypoxia, ischemia, epilepsy, Huntington’s disease, Alzheimer’s diseases and ALS (Olney,

1989; Meldrum and Garthwaite 1990; Choi, 1992; Faden and Salzman, 1992; Lipton and

Rosenberg, 1994). Therefore, it has been suggested that malfunctions of glutamate

transporters play a role in the onset and progression of these diseases. Traumatic brain

injuries are associated with delayed downregulation of GLT-1/EAAT2 and

GLAST/EAAT1 in cortex (Rao et al., 1998). Similar downregulation of EAAC1/EAAT3

and GLT-1/EAAT2 occurs in ischemia and hypoxia (Martin et al., 1997). In addition,

impaired glutamate transport occurring in ischemia might also be the result of rapid ATP

depletion and the resulting collapse of electrochemical gradient. This blocks and

sometimes reverses the action of glutamate transporters (Madl and Burgesser, 1993;

Gemba et al., 1994). Epilepsy research delivers contradictory reports. Artificially induced

epileptic seizures either did not affect glutamate transporters or as reported in another

study, led to GLAST/EAAT1 downregulation and EAAC1/EAAT3 upregulation in

amygdala and hippocampus (Akbar et al. 1997; Miller et al. 1997).

In patients suffering from ALS, GLT-1 protein levels are dramatically decreased in the

9

GLT-1 GLAST REFERENCES
mRNA Proteins mRNA Proteins

Amyothrophic Lateral
Sclerosis

→ ↓ ND → Rothstein et al., 1995;
Lin et al. 1998b

Alzheimer’s disease → ↓ → → Li et al., 1997

Huntington’s disease ↓ ND ND ND Arzberger et al.,1997

Hypoxia/Ischemia ↓ ↓ ↑ ↓↑ Martin et al.,1997

Traumatic Brain Injury ND ↓ ND ↓ Rao et al., 1998

Epilepsy → → →↓ →↓ Akbar et al. 1997;
Miller et al. 1997

ND not determined
→ no changes
↓ loss
↑ upregulation

Table 1

GLT-1 and GLAST in neurodegenerative diseases.
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forebrain and spinal cord (Rothstein et al., 1995). Surprisingly, this loss of proteins is not

associated with a decrease in GLT-1 mRNA level. Analysis of GLT-1 transcripts allowed

the identification of an intron-retaining truncated splice form of GLT-1 which is

selectively expressed in the motor cortex and spinal cord of ALS patients. Initial findings

further suggested that this alternative splice form is translated, however, not expressed at

the cell surface. Moreover, in 65% of examined ALS cases, expression of the splice form

results in a decrease in wild type GLT-1 protein which further indicates that this splice

variant may have a dominant negative effect (Bristol and Rothstein, 1996; Lin et al.,

1998b).

GLT-1/EAAT2 protein and mRNA expression in Alzheimer’s disease resembles the

situation seen in ALS patients. GLT-1 immunoreactivity in post mortem samples of frontal

cortex from Alzheimer’s disease patients is significantly decreased as compared to GLAST

and EAAT3/EAAC1. GLT-1 message is unaltered which might indicate changes in GLT-1

mRNA processing (Li et al., 1997).

2.4. REGULATION OF GLUTAMATE TRANSPORTERS

The only posttranslational modification known to evoke quick regulatory changes of GLT-

1, GLAST and EAAC1 activity is phosphorylation. Phosphorylation of special serine

residues in GLT-1 increases transporter activity (Zhang and Kanner, 1999). Conversely, it

has been reported that GLAST activity is decreased by the phosphorylation of non-

consensus residues (Conradt and Stoffel, 1997; Gonzalez and Ortega, 1997). EAAC1 and

GLAST distribution in the cell is differentially regulated by phosphorylation (Correale et

al., 1998; Davis et al., 1998).

Compounds regulating transporters activity and cell distribution described so far include

phorbol esters, PDGF, glutamate, as well as compounds generating free radicals, e.g.

arachidonic acid and β-Amyloid peptide (Chan et al., 1983; Trotti et al., 1995; Zerangue

et al., 1995; Harris 1996; Keller et al., 1997; Parpura-Gill et al., 1997; Correale et al.,

1998; Davis and Robinson, 1998; Duan et al., 1999).

To date, the only condition found to affect glial glutamate transporter expression is co-

culturing glia with neurons (Gegelashvili et al., 1997; Swanson et al., 1997; Schlag et al.,

1998). In addition, it has been observed that GLT-1 and GLAST expression increases at

both the mRNA and protein level upon treating cultured astrocytes with neuron-

10
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conditioned medium, but not neuronal membrane fractions further indicating that the

regulatory influences involve secreted factor(s). A neuron-derived substance found most

ubiquitously in the brain is glutamate. Although glutamate was shown to enhance GLAST

synthesis in astrocytes, no evidence has been found that GLT-1 expression is also

regulated by this compound (Gegelashvili et al., 1996; Schlag et al. 1998). Moreover, due

to the abundance of glutamate in the CNS, fine tuning of transporter expression by this

substance seems rather unlikely.

2.5. PITUITARY ADENYLATE CYCLASE ACTIVATING POLYPEPTIDES
(PACAPS)

PACAP, a member of VIP/glucagon/secretin family of peptides, has been originally

isolated from the hypothalamus by its ability to potently stimulate adenylate cyclase in

11

Fig. 2

Schematic illustration of PAC1 Receptor structure and its eight splice variants. Six of PAC1-R
variants differ from one another by the presence or absence of additional cassettes termed hip, hop1
and hop2, which are inserted at the C-terminal region of the third intracellular domain. The other two
subtypes are PAC1-R-vs and PAC1-R-TM4. PAC1-R-vs lacks 21 amino acids in the N-terminal
extracellular domain (shown as orange balls). PAC1-R-TM4 differs from other subtypes by discrete
substitutions and deletions in fourth intracellular domain.
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pituitary cells. PACAP sequence has been highly conserved throughout evolution and

shares around 50% homology with VIP (Miyata et al., 1989; Miyata et al., 1990). PACAP

is synthesized as a precursor protein of 176 amino acids, which is enzymatically cleaved to

PACAP-38, PACAP-27 and PACAP-related peptide (PRP). PACAP-27 represents the

truncated fragment of PACAP-38 lacking the 11 N-terminal aa (Ogi et al., 1990; Okazaki

et al., 1995). The function of PRP is still unknown.

To date, three PACAP receptor cDNAs have been cloned which all encode G-protein

coupled proteins with 7 putative transmembrane domains termed PAC1, VPAC1 and

VPAC2 (Inagaki et al., 1994; Svoboda et al., 1994; Adamou et al., 1995). These receptors

display different affinities to PACAP, VIP and other family members. For example, the

PAC1 Receptor shows high-affinity binding to PACAP and low-affinity binding to VIP.

VPAC1 and 2 bind both PACAP and VIP with high affinity. PAC1, but not VPAC1 and

VPAC2, exists in various splice variants. Several of these variants are characterized by the

presence or absence of 1 or 2 additional cassettes termed hip, hop1 and hop2 in the third

intracellular loop (Fig. 2) (Spengler et al., 1993). PAC1-R-vs is a splice variant which

lacks 21 aa in the N-terminal extracellular domain. PAC1-TM4 is a variant of PAC1-R-s

characterized by deletions and substitutions of aa in distinct transmembrane domains

(Chatterjee et al., 1996; Pantaloni et al., 1996).

PAC1 Receptors are coupled through G proteins to adenylate cyclase (AC) and

phospholypase C (PLC). Activation of the hop variants and the PAC1-R-s potently

stimulate both AC and PLC, whereas binding of PACAP to hip form does not result in

PLC activation and impairs AC activation. Hip-hop forms represent intermediate

phenotypes (Spengler et al., 1993). PAC1-R-vs displays similar potencies in activation of

AC and PLC as PAC1-R-s but is more potently activated by PACAP-38 as compared to

PACAP-27. All PAC1-R stimulate Ca++ mobilization from internal stores. A unique PAC1

receptor splice variant, PAC1-TM4 represents the only exception and increases Ca++-levels

inside the cell by activation of L-type Ca++-channels (Arimura, 1998).

VPAC1 and 2 are positively coupled to AC. In addition, activation of VPAC1 and VPAC2

was found to mobilize Ca++ from internal stores implying thecoupling of these receptors to

PLC (Sreedharan et al., 1994; Mackenzie et al., 2001).

12
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2.6. PACAP FUNCTION IN THE CENTRAL NERVOUS SYSTEM

PAC1-R is expressed in glia and neurons throughout the brain (Masuo et al., 1993a;

Hashimoto et al., 1996; Shioda et al., 1997; Jaworski and Proctor, 2000). VPAC1 and 2

are generally less abundant and show a complementary distribution in various brain

regions (Ishihara et al., 1992; Usdin et al., 1994). PACAP immunoreactivity was detected

all over thebrain and spinal cord and seems to berestricted to neurons (Koves et al., 1991;

Kivipelto et al., 1992; Mikkelsen et al., 1994; Nielsen et al., 1998; Waschek et al., 1998).

The most commonly abundant form of PACAP in the CNS is PACAP-38, whereas

PACAP-27 contributes to only 10% of total PACAP present in the brain.

PACAP is a multifunctional peptide in the CNS and PNS. PACAP was originally

recognized to enhance hormone secretion in the adeno- and neurohypophysis (Arimura,

1998). Subsequent studies showed that PACAP-38 and -27 act as neurotransmitters in

superior cervical ganglion (May et al., 1998). Neuromodulatory effects of PACAP have

been observed in hippocampus and paraventricular nucleus where it evokes ACh release

and norepinephrine release, respectively (Masuo et al., 1993b; Huang et al., 1996).

Similarly, VIP and PACAP-38 were found to potentiate glutamate signaling (Martin et al.,

1995; Stella and Magistretti, 1996; Pellegri et al., 1998). These modulatory influences

result partly from a binding of PACAP-38 to the glycine co-agonist site of NMDA

receptor (Liu and Madsen, 1997). PACAP acts as a survival factor for various neuronal

populations including cerebellar granule cells, sympathetic neurons and cortical neurons

(Canonico et al. 1996; Morio et al., 1996; Gonzalez et al., 1997; Przywara et al., 1998;

Lioudyno et al., 1998). PACAP is also thought to control the proliferation of peripheral

sympathetic neuroblasts and cerebral cortical precursors. This differential regulation of

proliferation correlates with differential expression of PAC1 Receptor isoforms in

sympathetic and cortical precursors (Lu et al., 1998).

2.7. FGF-2, EGF, TGFαααα AND THEIR RECEPTORS IN THE CNS

FGF-2, EGF and TGFα are very important for development of cortical glia. They are

potent mitogenes and play a tremendous role in glial differentiation. In the brain, FGF-2

predominantly exerts its cellular effects through three receptor subtypes, FGFR1-3

(Szebenyi and Fallon, 1999), which are all expressed by astrocytes (Reilly et al., 1998).

13
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EGF and TGFα bind to the EGFR, also known as ErbB1. However, signaling of the EGFR

is profoundly modulated by heterodimerization with other EGFR family members notably

ErbB2 and ErbB4 (Moghal and Sternberg, 1999; Junier, 2000). Major signaling

pathways/proteins activated by these cell receptor tyrosine kinases include the PI3K/Akt

pathway, the ras-raf-MEK-ERK pathway (MAP kinase cascade) as well as the PLCγ-

dependent induction of PKC (Moghal and Sternberg, 1999; Szebenyi and Fallon, 1999). In

some cells, EGF, TGFα and FGF were further found to lead to an activation of PKA

(Mueller et al., 1997; Barbier et al., l999; Pursiheimo et al. 2000).

2.8. AIMS OF THE WORK

This aim of the work was to identify extracellular signals regulating the expression of glia

glutamate transporters. Based on previous reports that glial glutamate transporter

expression increases in glia-neuron co-cultures and on the finding that these neuronal

influences are mimicked by dbcAMP, it was hypothesized that neurons would affect glial

glutamate transporters expression via PACAP. To this end it was examined whether the

stimulatory effects of neuron-CM on glia glutamate transporter expression involve

PACAP. In addition, it was tested, whether direct treatment of cultured astroglia would

affect glutamate transporters expression at the transcriptional and/or translational level and

if such effects are associated with changes in functional parameters of glial glutamate

uptake. Since glutamate transporter expression has been reported to occur in pure glia

cultures, it was further examined, whether in addition to PACAP, other extracellular

factors shown to affect glial differentiation such as FGF-2, EGF and TGFα are involved in

glial glutamate transport. Finally, it was of interest to determine whether identified factors

would interfere with glial glutamate transport via identical or different signaling pathway

and whether these effects depend on the morphological differentiation of astroglial cells.

14



Materials And Methods

3. MATERIALS AND METHODS

3.1. MATERIALS

3.1.1. ANIMALS

Mus musculus (B6 transgenic for fos-lacZ) Generously provided by Dr. J. Morgan,

St. Jude Children´s Research Hospital,

Memphis, TN, USA

Ratus norvegicus (Sprague Dawley) Charles River, Sulzfeld, Germany

3.1.2. REAGENTS AND MEDIA

agarose PeqLab

BCA protein estimation kit Pierce

DAB Sigma

dbcAMP Sigma

DMSO Sigma

Dulbecco’s PBS Gibco

EGF Gibco

ECL kit Amersham

ethidium bromide Roth

FCS Gibco

FGF-2 Gibco

glutamate Sigma

Gö6976 Calbiochem

H89 Calbiochem

HBSS Gibco
3H labeled glutamate (63 Ci/mmol) Amersham

HS Gibco

LY294002 Calbiochem

MEM w/Earl’s salts Gibco

MG132 Calbiochem

15
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M-MLV reverse transcriptase Promega

Nutrient mixture F-12 (Ham) Gibco

PACAP-38 Calbiochem

PACAP-(6-38) Bachem

paraformaldehyde Merck

PD98059 Calbiochem

PDTC Calbiochem

PeqGold RNAPure PeqLab

poly-D-ornithin Sigma

Taq polymerase Gibco

TGFα Gibco

UltimaGold scintillation liquid Packard

VIP Calbiochem

X-Gal Bachem

3.1.3. PLASTICWARE

100 mm culture dishes Greiner

48-well cluster plates Costar

0.5 ml tubes Eppendorf

1.5 ml tubes Eppendorf

15 ml tubes Falcon

50 ml tubes Falcon

3.1.4. SOLUTIONS

3.1.4.1. FOS ASSAY

Blue I solution 1l 5 mM K3[Fe(CN)6]

5 mM K4[Fe(CN)6] • 3H2O

2 mM MgCl2 • 6H2O

200 µl nonidet (NP) 40

0.24 mM sodium deoxycholate

Blue II solution 1l 0.1 M PIPES
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2 mM EGTA

2 mM MgCl2 • 6H2O

pH 6.9

3.1.4.2. CELL CULTURE

F-12 medium per liter:

Nutrient mixture F-12 (Ham)

1.176 g NaHCO3

2.2 g D-glucose

0.146 g L-glutamine

3.5 g HEPES

pH 7.4

Minimum essential medium per liter:

MEM w/Earl´s salts

2.2 g NaHCO3 

5 g D-glucose

0.292 g L-glutamine

pH 7.4

N2-medium MEM/F12 1:1 (vol:vol)

0.05 mg/ml transferrin

0.5 µg/ml insulin

5 • 10-10 M 3,5,3’ -triiodothyronine

3 • 10-8 M Na2SeO3 

2 • 10-8 M progesterone

10-4 M putrescine

PBS per liter:

386.4 mg NaH2PO4 • H2O

1.022g Na2HPO4 

8.766 g NaCl

3.1.4.3. GLUTAMATE UPTAKE

glutamate uptake buffer 5 mM TRIS-base

10 mM HEPES
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140 mM NaCl or LiCl

2.5 mM KCl

1.2 mM CaCl2

1.2 mM MgCl2 • 6H2O

1.2 mM K2HPO4

10 mM dextrose

1 mM methionine sulfoximine (Sigma)

3.1.4.4. IMMUNOBLOTTING AND IMMUNOCYTOCHEMISTRY

Antibody diluting solution per 100 ml:

500 mg BSA

50 mg NaN3 

DAB detection solution per 20 ml of 50 mM TRIS-HCL, pH 7.6:

15 mg DAB

6 µl H2O2 (33%)

Lysis buffer 60 mM TRIS-base

2% SDS

10% sucrose

2 mM PMSF

10% polyacrylamide resolving gel per 10 ml:

2.5 ml 1.5 M TRIS-HCl, pH 8.8

2.5 ml 40% acrylamide solution

100 µl 10% SDS

polymerize with:

50 µl 10% APS

5 µl TEMED

5% polyacrylamide stacking gel per 10 ml:

2.5 ml 0.5M TRIS-HCl, pH 6.8

1.25 ml 40% acrylamide solution

100 µl 10% SDS

polymerize with:

100 µl 10% APS

10 µl TEMED
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Ponceau S

(10 • concentrated stock solution) per 100 ml:

2 g ponceau S

30 g trichloroacetic acid

30 g sulfosalicylic acid

sample buffer 250 mM TRIS-HCl, pH 6.8

4% SDS

10% glycerol

2% β-mercaptoethanol

Sucrose buffer 0.25 M sucrose

5 mM TRIS-base

pH 7.2

TBS per liter:

8.766 g NaCl

6.06 g TRIS-base

pH 7.6

Transfer buffer per liter:

2.9 g glycine

5.8 g TRIS-base

0.37 g SDS

200 ml methanol

3.1.4.5. ELECTROPHORESIS

Protein electrophoresis buffer 25 mM TRIS-HCl

192 mM glycine

0.035% SDS

pH 8.3

TAE buffer (50 • concentrated stock solution) per liter:

242 g TRIS-base

57.1 ml glacial acetic acid

100 ml 0.5M EDTA (pH 8.0)
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3.1.5. PRIMERS

All primers Interactiva

mRNA PRIMER SEQUENCE PRIMER
LENGHT

(bp)

PRODUCT
LENGHT

(bp)
PACAP 5´-AATGACCATGTGTAGCGGAGCA-3´ 22 485

5´-TATACCTTTTCCCTAGCACGGC-3´ 22
GLT-1 5´-TTCCAGTCTCATCACAGGGCT-3´ 21 463

5´-GCCGAAAGCAATAAAGAATCC-3´ 21
GLAST 5´-TAAGTATCACAGCCACAGCCG-3´ 21 454

5´-GAGTAGGGAGGAAAGAGGAG-3´ 20
ACTIN 5´-CTACAATGAGCTGCGTGTGGC-3´ 21 271

5´-CAGGTCCAGACGCAGGATGGC-3´ 21
CD31 5´-TGGTGGGCTTGTCTGTGAATG-3´ 21 376

5´-CTGTCCTGCTCTGTCTCGGGT-3´ 21
SNAP25 5´-TGGATGAGCAAGGCGAACAAC-3´ 21 384

5´-TGGATGAGCAAGGCGAACAAC-3´ 21
Random primers 6

3.1.6. ANTISERA

actin Santa Cruz

biotinylated anti-goat Vector Labs

biotinylated anti-rabbit Vector Labs

GFAP Accurate

GLAST Chemicon

GLT-1 Chemicon

GS Biogenesis

HRP conjugated anti-goat Santa Cruz

HRP conjugated anti-guinea pig Jackson Laboratories

PACAP-38 Peninsula Laboratories

Vectastain ABC-kit Vector Labs
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3.1.7. EQUIPMENT

PCR equipment PCR thermal cycler 480 (Perkin Elmer)

Eppendorf Master Gradient (Eppendorf)

Electrophoresis Power Pack 300 (BioRad)

Agarose gel electrophoresis System,

Sub-CellGT (BioRad)

Electroblotter Transblot (BioRad)

Documentation system Image Master VDS Software (Pharmacia)

Centrifuges Biofuge fresco (Heraeus)

Biofuge pico (Heraeus)

Film developer Hyperprocessor (Amersham)

Liquid scintillation analyzer 1600 TR (Packard)

Other Thermomixer 5436 (Eppendorf)
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3.2. METHODS

3.2.1. ANIMALS

All experiments were performed either with Sprague Dawley rats or fos-lacZ transgenic B6

mice. Animals were kept in 12 h light, 12 h dark cycles with water and food ad libidum.

Animals were mated over 12 h. Glial cultures were prepared from 1 to 3 days old rat or

mouse. Animals were sacrificed by decapitation. Neuronal cultures were prepared from

rats at embryonic day 17 (crown-rump length 19-21 mm). Mothers were sacrificed by CO2

inhalation, embryos were quickly removed and decapitated.

3.2.2. GLIAL CULTURES

Primary glial cultures were initiated from the cerebral hemispheres of rat or mouse pups.

Brains were quickly removed under sterile conditions and cerebral hemispheres were

dissected. Tissue pieces were carefully freed of meninges and stored in ice cold N2-

medium. Collected tissue pieces were subsequently chopped and incubated for 20 min at

room temperature in Ca++- and Mg++-free PBS containing 0.1% trypsin and 0.02% EDTA.

Trypsin action was terminated by transferring tissue pieces into HBSS supplemented with

10% fetal bovine serum. Tissue was gently dissociated by triturating through 10 ml and 5

ml plastic pipettes. Undisrupted tissue pieces were removed by filtration through a nitex

mesh (pore size, 20 µm) and cell suspension was centrifuged at 400 g for 5 min Cell pellet

was resuspended in culture medium consisting of MEM supplemented with 10% HS for

rat and MEM containing 20% FCS for mouse cultures. Cells obtained from the cerebral

hemispheres of three rat pups or four mouse pups were plated into 100 mm culture dishes

in a total volume of 10 ml of culture medium. All culture dishes were previously coated

with poly-D-ornithin (0.1 mg/ml) for 1 h and subsequently rinsed with sterile water.

Cultures were incubated at 37°C in a water-saturated atmosphere of 95% air and 5% CO2.

The culture medium was renewed 24 h after plating and every third day thereafter. All

experiments were performed with glial cultures replated three times. To this end, confluent

cultures were incubated at RT with 0.1% trypsin solution (2 ml/100 mm dish). Upon

detachment of the cells (2-5 min) from the culture dish, trypsin action was quenched by

addition of 8 ml of MEM containing 10% HS and the cell suspension was centrifuged at
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400 g for 5 min Cell pellet was resuspended in culture medium and cells obtained from

one 100 mm dish were routinely subplated into three 100 mm dishes. When replating for

the third time, cells were either seeded into 100 mm dishes for protein or RNA isolation or

48-well cluster plates for uptake experiments or immunocytochemistry. If not stated

otherwise, third passage glial cultures were switched to serum-free N2-medium upon

reaching confluency with a medium change every third day.

3.2.3. NEURONAL CULTURES

Cerebral rat hemispheres were dissected and carefully freed from meninges. Tissue was

incubated in PBS/trypsine solution for 15 min, transferred to HBSS containing 10% FCS

and then gently dissociated with plastic pipettes. Suspension was filtered through a nitex

mesh (pore size 20µm) and cells were pelleted at 400 g for 5 min Pellet was resuspended

in 4 ml of MEM supplemented with 10% of HS. For cell counting, 20 µl of cell

suspension was diluted 10 fold in PBS containing 0.04% trypan blue. Colorless living

cells as opposed to dead blue cells were counted using Neubauer chamber. Cells were

seeded at a density 300000 cells/cm2 into 100 mm poly-D-ornitine (0.1 mg/ml) coated

culture dishes using MEM supplemented with 10% HS. Cultures were incubated at 37°C

in a water-saturated atmosphere of 95% air and 5% CO2. On the following day, medium

was switched to serum-free N2-medium. The medium was renewed every third day.

3.2.4. TREATMENT OF CULTURES

If not stated otherwise, glial cells were treated for 72 h with PACAP-38 (10-7 to 10-11 M),

dbcAMP (10-4 M), EGF (5 to 100 ng/ml), TGFα (5-100 ng/ml), VIP (10-5 M) or FGF-2 (25

ng/ml) for RT-PCR experiments, glutamate uptake, immunocytochemistry and Western

blot analysis. Additionally, for RT-PCR experiments glia cultures were treated with

neuronal membrane fractions (1 mg/10 ml) or with neuron-CM. Signaling pathways were

analyzed by treating glial cultures with PACAP-38 (10-7 M), EGF (100 ng/ml), TGFα (100

ng/ml) in combination with H89 (10-5 M), Gö 6976 (10-6 M), LY294002 (10-5 M), PDTC

(10-4 M) or PD98059 (2.5 • 10-5 M). To determine the influence of neurons on glutamate

transporters expression, glial cultures were treated with combinations of neuron-CM,
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active or heat-inactivated anti-PACAP-38 antibodies, control antibody (anti-goat) and

PACAP-(6-38) (10-7 M) for 48 h.

3.2.5. TOTAL RNA ISOLATION AND RT-PCR

Total RNA was isolated from 100 mm culture dishes of cortical glial cultures or high

density cultures (300000 cells/cm2) of cortical neurons. Cells were lysed in 1.5 ml of

PeqGold RNAPure solution and the cell lysate was aliquoted and stored at –70°C. For

RNA extraction, 750 µl of the cell lysate was supplemented with 150 µl of chloroform in

an Eppendorf tube and shaken vigorously for 20 s. Tubes were centrifuged for 15 min in a

bench-top centrifuge using maximal speed (15000 g) at 4°C to separate the aqueous and

organic phase. RNA-containing aqueous phase was carefully transferred to fresh tubes.

RNA was precipitated by adding isopropanol to the collected aqueous phase in a 1:1

(vol:vol) ratio. RNA was pelleted at 15000 g and washed twice with ice-cold 70% ethanol

to remove co-precipitated salt. RNA pellet was dried in a vacuum centrifuge for 5 min and

reconstituted in 20 µl of sterile water. During RNA isolation samples were kept on ice or

at 4°C whenever possible. RNA content was determined by spectrophotometric analysis at

260 nm. Reconstituted RNA was stored at –70°C.

Two µg of random hexamer primers, diluted in DTT-containing first strand buffer and 20

µg of total RNA were mixed (50 µl). Themix was incubated for 5 min at 95°C to denature

RNA. Subsequently, the mix was additionally supplemented with 200 U of M-MLV

Reverse transcriptaze and incubated at 37°C for 2 h. Transcription was stopped by rising

the temperature to 95°C for 5 min. PCR was performed using 1 or 2 µl of the obtained

templates in a total volume of 50 µl. PACAP products were amplified in the presence of 3

mM MgCl2. For amplification of other products 1.5 mM MgCl2 was used. Per PCR

reaction 20 pmol of each primer was used. Primers for PACAP, GLT-1, GLAST, SNAP25,

CD31 and actin were designed using “oligo” software. The sequence of the primers and

the expected size of products are given in 4.1.5. One amplification cycle included the

following steps: denaturation at 95°C for 30 s, annealing: PACAP, 55°C; GLT-1, 59°C;

GLAST, SNAP25, CD31, 61°C; for 30 s and elongation at 72°C for 30 s. Depending on

the experiment, a total of 25-35 PCR cycles were performed. For competitive RT-PCR
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analysis, target mRNA was co-amplified with actin as an internal standard (Pesce et al.,

1996). This type of PCR reaction was carried out in the presence of 20 pmol of each

primer for target sequence and 2 pmol of each primer for actin per reaction. Reaction

products were separated on 1.5% agarose gel in TAE buffer and stained with ethidium

bromide. Gels were recorded with the Image Master gel analysis system and densitometry

was performed with the software provided.

3.2.6. FOS ASSAY

Cells responsive to PACAP were identified in glial cultures established from c-fos-lacZ

transgenic mice. After 3 h stimulation, cultures were fixed with 2% paraformaldehyde in

Blue I solution for 15 min and washed three times with Blue I solution. c-fos/β-

galactosidase fusion protein was visualized by incubating the cells for 24 h at 37°C with 1

mg/ml X-gal dissolved in Blue II solution. Nuclei of responsive cells are stained with a

blue product, resulting from enzymatic conversion of X-gal by β-galactosidase.

3.2.7. CHARACTERIZATION OF GLIAL CULTURES

Immunocytochemistry for GFAP and GS was performed to phenotypicaly characterize

PACAP responsive cells. Cultures were permeabilized with 0,05 % saponin in 10 mM

PBS, followed by 24 h incubation with anti-GFAP (1:1250) or anti-GS (1:2000)

antibodies in 0.5% BSA and 0.05% NaN3 containing Antibody Diluting Solution (ADS).

On the following day, cultures were rinsed 3 times with 10 mM PBS and incubated for 2 h

with biotinylated secondary antibodies against appropriate species diluted in ADS.

Avidin-biotin complex was prepared by mixing reagent A and B in a 1:1 ratio and by

further diluting it 1 to 80 in PBS. The solution was stored at RT for 30 min beforeuse and

cells were incubated with the solution for another 2 h. Cells were washed three times with

TBS and stained with DAB detection solution. The incubation time was dependent on

reaction intensity and did not exceed 20 min. Reaction was stopped by washing three

times with PBS.
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3.2.8. GLUTAMATE UPTAKE

Radiolabeled glutamate (1 µCi/ml) and unlabeled glutamate were mixed in sodium- or

lithium-containing uptake buffer to obtain a final glutamate concentration of 960 µM. The

stock solution was further diluted in the respective buffer to yield final glutamate

concentrations of 320, 160, 80 and 40 µM. To determine glial glutamate uptake, cortical

glia were subsequently incubated for 1 h with sodium- or lithium-containing uptake buffer

in the absence of glutamate and for up to 20 min with the glutamate-containing uptake

buffer. Uptake was terminated by removing the radioactive buffer and rinsing the cultures

three times with ice-cold lithium-containing buffer. The amount of incorporated

radioactivity was determined by liquid scintillation counting. Cells were lysed with 200 µl

of 0.1 M NaOH and the lysate was mixed with 4 ml of scintillation liquid. Sodium-

dependent glutamate uptake was defined to be the difference of the amount of

radioactivity incorporated by glia in thepresence of sodium- and lithium-containing buffer

and was referred to the amount of protein determined in sister cultures (see below).

Specific uptake was calculated as the amount of glutamate taken up per milligram of

protein and minute.

3.2.9. TOTAL PROTEIN ISOLATION

Cultures were rinsed three times with PBS and cells were lysed with 400 µl of lysis buffer

per 100 mm dish. Viscous lysate was collected and ultrasonified on ice to increase protein

solubility and DNA disruption. Protein solution was denatured at 95°C for 5 min and

stored at -70°C.

3.2.10. NEURONAL MEMBRANES

Neuronal membrane fractions were prepared from 4 days old cultures of the E17 rat

cortex. Cells were lysed in sucrose buffer at 4°C and the lysate was centrifuged at 1000 g

for 10 min. The supernatant was collected and membranes were pelleted at 100000 g for 1

h at 4°C. The pellet was resuspended in N2-medium to obtain a final protein concentration

of 1 mg per ml.
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3.2.11. PROTEIN DETERMINATION

Protein content of both cell lysates and membrane fractions were determined using the

BCA protein estimation kit. For each protein estimation a fresh set of protein standards

was prepared. BSA solution (2 mg/ml) was diluted in lysis buffer to yield a working range

of 50, 100, 150, 200, 250, 300, 350 and 400 µg of BSA per ml. Subsequently, 50 µl of

each dilution was pipetted into separate tubes. Protein samples obtained from cultured

cells were diluted 10 and 50 times with lysis buffer and 50 µl of both dilutions were

aliquoted to the respectively labeled tubes. BCA working reagent was prepared by mixing

50 parts of reagents A with one part of reagent B from BCA kit. BSA standards and

diluted protein samples were mixed with 1 ml of this solution and incubated at 60°C. After

30 min, tubes were cooled to RT and the absorbance was measured at 562 nm. The

amount of protein was determined by comparing absorbances of the samples with the

standard curve plotted from readings of the BSA standards. Confluent glia cultures

growing on 100 mm plates usually yielded 1 to 2 mg of protein.

3.2.12. NEURON-CONDITIONED MEDIUM

To obtain neuron-conditioned medium (CM), high-density cultures of the E17 cortex

(300000 cells/cm2) were incubated with serum free N2-medium (10 ml/100 mm dish) on

day two of cultivation. After 48 h, the medium was collected and centrifuged at 3000 g to

remove cells and cell debris. The CM was aliquoted and stored at -70°C.

3.2.13. WESTERN BLOT ANALYSIS

Cell lysates were diluted 1:1 in sample buffer and boiled for 5 min. Proteins (15 µg/lane)

were separated by SDS-polyacrylamide gel electrophoresis (5% stacking gel/10%

resolving gel) and transferred to nitrocellulose by semi dry electroblotting. For visual

verification of transfer efficiency, nitrocellulose blots were stained with ponseau S

solution. Non-specific binding sites were blocked by incubating for 30 min with 5% non-

fat milk dissolved in TBS/0.05% Tween 20. Blots were subsequently incubated for 24 h at

4°C with one of the following primary antibodies: anti-GLT-1 (1:4000), anti-GLAST

27



Materials And Methods

(1:1000), anti-GS (1:2000). The primary antibody solution was discarded and the blots

were washed three times 10 min with TBS/0.05% Tween 20. Thereafter, blots were

incubated for 2 h with the respective secondary antibodies (1:3000): anti-guinea pig

(GLAST and GLT-1), anti-mouse (GS), anti-goat (actin). Secondary antibodies were

washed out thoroughly by rinsing three times with TBS/0.05% Tween 20. All blots were

double-labeled with actin antibodies (1:1000; Santa Cruz). Both primary and secondary

antibodies were diluted in 5 ml TBS/0.05% Tween 20 supplemented with non fat dry milk

at a final concentration of 0.2%. In all cases, immunoreaction was detected using the

enhanced chemiluminesence kit from Amersham. Reagent A and B were mixed in a 1:1

ratio and incubated for 5 min at RT as recommended by the manufacturer. Blots were

incubated with 1 ml of the mix per 100 cm2 of blotting membrane in a sealed plastic bag.

ECL optimized film was exposed in a cassette with the blots and developed in

Hyperprocessor.

3.2.14. STATISTICS

All experiments were replicated 2 or 3 times and yielded reproducible results. One-way

analysis of variance (ANOVA) was used to determine overall significance. Intergroup

differences were determined using the unpaired Student's t-test. Differences of p < 0.05

were considered significant.
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4. RESULTS

4.1. ESTABLISHMENT OF ENRICHED CORTICAL ASTROGLIAL CULTURES

Dissociated cell cultures were initiated from the cerebral hemispheres of P1 to P3 rats and

glial growth was promoted by maintaining cultures with MEM containing 10% horse

serum. Remaining neurons were eliminated by passaging confluent cultures three times.

The glial nature of the cultured cells contained in third passage cultures was confirmed by

immunocytochemistry for the astrocytic marker, GFAP (Fig. 3). Over 90% of the cells in

these cultures were immunoreactive for GFAP. The vast majority of the GFAP

immunoreactive (GFAP-IR) cells had a large flat soma with multiple thick protrusions.

These cells represent type-1 astrocytes (Raff et al., 1983a, b). Some GFAP-IR cells (1%)

exhibited a stellate morphology and resembled type-2 astrocytes (Raff et al., 1983a, b).

Cultures were also analyzed for mRNAs encoding the endothelial marker, CD31 and the

neuronal marker, SNAP25. In both cases, RT-PCR yielded only a very faint band of the

appropriate reaction product (Fig. 4).
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Fig. 3

Rat cortical astrocytes stained for astrocytic marker GFAP.
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4.2. CELLULAR SOURCES AND TARGETS OF PACAP IN THE CNS

4.2.1. NEURONS ARE THE MAJOR SOURCE FOR PACAP IN THE
NEOCORTEX

Third passage P1 to P3 rat glia cultures and neuronal dissociated cell cultures initiated

from the E17 rat cortex, were screened for PACAP transcripts. RT-PCR analysis resulted

in detection of PACAP mRNA in neuronal cultures, but not in glial cultures maintained

with several different culture media (Fig. 5). These included serum-free N2-medium,

MEM containing 10% horse serum and N2-medium supplemented with FGF-2 (25 ng/ml).

Additionally, glial cultures were maintained for 48 h with either CM derived from high-

density (300000 cells/cm2) cultures of E17 rat cortical neurons or with membrane fractions

prepared from these neuronal cultures (1 mg protein/ml). Both treatments did not induce

PACAP synthesis in cultured cortical glia (data not shown).
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Fig. 5

RT-PCR analysis allowed the detection of
mRNA encoding PACAP in 3 days old
cultures of E17 rat cortical neurons (Lane
5). In contrast, PACAP signal was not
detectable in third passage rat cortical glia
maintained for 72 h, with serum free N2-
medium (lane 2), N2-medium supplemented
with FGF-2 (25 ng/ml) (lane 3), or with
MEM supplemented with 10% horse serum
(lane 4). Lane 1: 100 bp ladder.

Fig. 4

RT-PCR analysis of rat cortical glial
cultures for the expression of the
endothelial marker, CD31 and the neuronal
marker, SNAP25. Lane 1: Positive control
(muscle in case of CD31 and P1 cortex in
case of SNAP25), lane 2: glial cultures of
the P1 cortex replated 3 times, lane 3: water
blank. (bpl: bp ladder)
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4.2.2. PACAP-38 ACTS ON ASTROGLIA INVOLVED IN GLUTAMATE
TURNOVER

The initial genomic response of cells to a variety of extracellular stimuli consists on the

rapid and transient expression of immediate-early genes, most prominent among them c-

fos (Schilling et al., 1991). PACAP-induced c-fos expression was monitored in cultures
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Fig. 6

PACAP-38-induced c-fos expression in astrocytes.

(A) Third passage glial cultures were initiated from the cerebral hemispheres of P1 fos-lacZ
transgenic mice. Cultures were stimulated for 3 h with PACAP-38 (10-7 M) and processed for ββββ-
galactosidase histochemistry (blue) and GFAP immunocytochemistry (brown). (B) Transgene
expression in unstimulated control cultures. Magnification: x500.
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derived from a fos-lacZ transgenic mouse line (Smeyne et al., 1992). This experimental

approach allows the selective detection of c-fos expression (Schilling et al., 1991) and

further favors the easy and rapid phenotypic characterization of c-fos-positive cells by the

use of cell type-specific antibodies (Engele and Schilling, 1996).

Third passage glial cultures were established from the cortex of P1 to P3 transgenic mouse

pups and confluent cultures were stimulated for 3 h with PACAP-38 (10-7 M); this

stimulation protocol leads to maximal transgene expression (Schilling et al., 1991; Engele

and Schilling, 1996). Histochemical staining for β-galactosidase revealed that a major

portion (96±2%; mean ± SD, n = 12 wells) of the cultured cells showed transgene

expression and thus responded to PACAP (Fig. 6A). Independent of theculture conditions,

β-galactosidase staining was basically absent from untreated controls (Fig. 6B).

Subsequent double-labeling of PACAP-38-stimulated cultures with antibodies against the

astrocytic marker, GFAP, demonstrated that 92±3% (n = 12 wells) of the β-galactosidase

positive cells in culture were astrocytes (Fig. 6A). To determine whether PACAP acts on

astroglia involved in glutamate turnover, third passage glial cultures were initiated from

fos-lacZ transgenic mice and stimulated for 3 h with PACAP-38 (10-7 M). Subsequent

staining for β-galactosidase and GS revealed that 83±2% (n= 12 wells) of all GS-IR cells
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Fig. 7

Double-labeling of PACAP-38-stimulated (10-7 M, 3 h) fos-lacZ transgenic mouse glia for ββββ-
galactosidase activity (blue) and GS immunoreactivity (brown). Magnification: x500.
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showed β-galactosidase activity (Fig. 7).

4.2.3. NEURONAL INFLUENCES ON GLIAL GLUTAMATE UPTAKE ARE
MEDIATED BY PACAP

The demonstration of PACAP as a neuron-derived peptide which acts on the

subpopulation of cortical glia involved in glutamate turnover, was an impulse to ask,

whether PACAP is the physiological mediator of the effects of neurons on glial glutamate

transporters expression. Treatment of rat glial cultures with neuron-CM for 2 days

increased GLT-1 protein levels (Fig. 8). These stimulatory effects were abolished in the

presence of PACAP-38 antiserum or the PACAP receptor antagonist, PACAP-(6-38).

Similar inhibitory effects were absent in the presence of equal concentrations of an

unrelated (anti-goat) control antiserum or heat-inactivated (45 min at 100°C) PACAP-38

antiserum (Fig. 8). In contrast to GLT-1, neuron-CM did not promote the expression of

GLAST (Fig. 8).
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Fig. 8

Effect of neuron-CM on GLT-1 and GLAST protein expression.

Proteins were isolated from third passage rat cortical glial cultures treated for 48 h with NCM alone
or in combination with anti-PACAP-38 antibodies (PAb), anti-goat control antiserum (CAb), heat
inactivated anti-PACAP-38 antibodies (PAbi) or PACAP-(6-38) (P-(6-38)) (10-7 M). Western blot was
performed using (A) GLT-1 and (B) GLAST antibodies. Loading of proteins was controlled by
additionally staining blots with actin antiserum.
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4.3. FACTORS REGULATING EXPRESSION OF GLIAL GLUTAMATE
TRANSPORTERS

4.3.1. PACAP PROMOTES GLUTAMATE UPTAKE IN ASTROGLIA

To further characterize the effects of PACAP on glial glutamate turnover, third passage

glia of rat cortical hemispheres were maintained for 72 h with PACAP-38 (10-7 M) and

subsequently tested for sodium-dependent uptake of radiolabeled glutamate. All uptake

studies were performed in the presence of GS inhibitor, methionine sulfoximine (1 mM).

A representative uptake experiment is shown in Fig. 9. For untreated astrocytes, the

average Vmax-value, as determined from three independent experiments, was 33±8

nmol/min/mg protein; the average Km-value was 63±13 µM (average r2, 0.99). PACAP-38

treatment resulted in an increase of the apparent Vmax- (52±7 nmol/min/mg protein;

p=0.02; unpaired Student's t-test) and Km-value (146±8 µM; p<0.001) (average r2, 0.96).

Similar increases in the apparent Vmax (46±2 nmol/min/mg protein; p=0.05) and Km

(123±20 µM; p=0.005) (average r2, 0.97) of the uptake process were present in dbcAMP-

treated cultures. With both PACAP-38 and dbcAMP, effects on the uptake process were

only detectable after prolonged treatment (>2 days).
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Fig. 9

PACAP-38 promotes glutamate uptake in cultured astroglia.

(A) Michaelis-Menten plot of sodium-dependent glutamate uptake performed by third passage rat
cortical glia treated for 72 h with PACAP-38 (10-7 M) or dbcAMP (10-4 M). Glutamate uptake is
expressed as nmol of glutamate per minute and mg of protein vs. molarity of glutamate in the uptake
buffer. Linear regression analysis of the data was performed using Eadie-Hofstee transformation.
Data represent mean ± SD (n = 12 wells).

(B) Time course of sodium-dependent glutamate incorporation into glia. Cultures were treated with
PACAP-38 (10-7 M) and dbcAMP (10-4 M) and were incubated with a final glutamate concentration of
10 mM. Data represent mean ± SD (n = 12 wells).
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4.3.2. INCREASED GLUTAMATE UPTAKE PROMOTED BY PACAP-38 IS THE
RESULT OF INCREASED EXPRESSION OF GLT-1 AND GLAST

To determine, whether PACAP-38 increased astrocytic glutamate uptake by affecting

GLAST and/or GLT-1, expression levels of both transporters were studied in cultured rat

glia by immunoblot analysis using GLT-1 and GLAST-specific antibodies (Fig. 10). In

freshly prepared cell lysates, the GLT-1 and GLAST antiserum each recognized a single

protein with apparent molecular weights of 71 kD and 66 kD, respectively. Freezing

samples prior to the analysis sometimes produced a second immunoreactive band of

higher molecular weight. Untreated third passage glia usually contained only low levels of

GLT-1 and somewhat higher levels of GLAST (Fig. 10). Prolonged treatment (72 h) of the

cultures with PACAP-38 (10-7 M) resulted in robust increases of both GLT-1 and GLAST

protein levels (Fig. 10). Densitometric analysis of the immunoblots from three independent

experiments showed that this increase was 2.4±0.6-fold for GLT-1 and 2.7±0.9-fold for

GLAST (p<0.01). In dbcAMP-treated cultures (10-4 M; 72 h), GLT-1 and GLAST protein

levels increased 3.7±0.9-fold and 3.4±0.5-fold, respectively (p<0.01). PACAP influence

on glia glutamate transporters was further examined on transcriptional level. RT-PCR

analysis demonstrated that a 72 h treatment with PACAP-38 (10-7 M) stimulates the

expression of mRNAs encoding GLT-1 and GLAST (Fig. 11). In three independent

experiments, the average increase was 1.8±0.3-fold and 1.3±0.1-fold for GLT-1 mRNA
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Fig. 10

Effect of PACAP-38 and dbcAMP on (A) GLT-1 and (B) GLAST protein expression.

Total proteins were isolated from third passage rat cortical glial cultures maintained for 72 h in the
absence or presence of PACAP-38 (10-7 M) or dbcAMP (10-4 M). Loading was controlled by staining
blots with actin antiserum.
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and GLAST mRNA, respectively (p<0.05). Similar increases were present in dbcAMP-

treated cultures (GLT mRNA, 2.1±0.5-fold; GLAST mRNA, 1.6±0.2-fold; p<0.05).

4.3.3. PACAP AFFECTS GLIAL GLUTAMATE UPTAKE THROUGH TYPE-1
BINDING SITES

To determine which binding sites (receptors) mediate the effects of PACAP on glial

glutamate transporters expression, third passage glia were initiated from the cortical

hemispheres of rat pups and maintained for 72 h with serial dilutions of PACAP-38 and

VIP. Subsequent testing of the cultures for effects on glutamate transporters expression by
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Fig. 11

RT-PCR analysis of PACAP-38- and dbcAMP-treated
cortical glia for (A) GLT-1 and (B) GLAST mRNA levels.

Total mRNA was isolated from third passage rat cortical
glia maintained for 72 h with either PACAP-38 (10-7 M) or
dbcAMP (10-4 M). Transporter and ββββ-actin mRNAs were co-
amplified by 30 PCR cycles in the presence of different
primer concentrations and separated on a 1.5% agarose gel.
Graphs show ratios of transporter and ββββ-actin RT-PCR
products taken as a measure of GLT-1 or GLAST mRNAs
levels.

(C) PCR analysis of amplification linearity of GLT-1,
GLAST and ββββ-actin products. Integrated optical density
representing the amount of the reaction products, was
plotted versus increasing numbers of PCR cycles. RT-PCR
analysis was performed with total RNA isolated from
untreated rat cortical glia in the presence of primers for either GLT-1, GLAST or ββββ-actin.
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immunoblot analysis revealed that PACAP-38 increases protein levels of GLT-1 at

concentrations as low as 10-10 M (Fig. 12 A). A distinctly higher concentration of PACAP-

38 (10-9 M) was necessary to induce the expression of GLAST (Fig. 12 B). Maximal

increases in GLT-1 and GLAST levels were present with PACAP-38 concentrations >10-8

M. VIP only promoted the expression of both GLT-1 and GLAST at concentrations >10-8

M (Fig. 12 A, B).

4.3.4. PACAP PROMOTES GLUTAMATE METABOLISM IN ASTROGLIA

To study PACAP effects on glial glutamate metabolism, third passage glial cultures of rat

cerebral hemispheres were maintained for 72 h with PACAP-38 (10-7 M - 10-11 M) or

dbcAMP (10-4 M) and examined for expression of the glutamate converting enzyme, GS,

by immunoblot analysis. GS antibodies labeled a single protein band with an apparent

molecular weight of 45 kD. Compared to untreated controls, glutamine synthetase protein

levels increased 2.9±0.4-fold in cultures exposed to PACAP-38 and 5.1±1.5-fold in

cultures exposed to dbcAMP (n=3; p<0.01) (Fig. 13). PACAP-38 effects were dose-
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Fig. 12

Dose response curve of PACAP-38 and VIP on glial glutamate transporters expression.

Third passage rat cortical glia were maintained for 72 h with the indicated PACAP-38 or VIP
concentrations and analyzed by immunoblotting for (A) GLT-1 and (B) GLAST expression levels.
Loading of the gels was controlled by additionally staining the blots with actin antiserum.
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dependent with the most pronounced increases observed at concentrations of 10-7 and 10-8

M (Fig. 13).

4.3.5. EGF AND TGFαααα AFFECT GLUTAMATE TRANSPORTERS EXPRESSION

Basal expression levels of glutamate transporters in untreated glial cultures (Fig. 12) could

indicate that factors other than PACAP also regulate GLT-1 and GLAST expression. In

particular, factors strongly influencing glial proliferation and differentiation namely EGF,

TGFα and FGF-2 might be the possible candidates. Third passage cortical astroglia were

38

Fig. 13

Immunoblot analysis of PACAP-38- or dbcAMP- treated cortical glia for GS expression levels.

Third passage rat cortical glia were maintained for 72 h in the absence or presence of dbcAMP (10-4

M) or different concentrations of PACAP-38 (10-7 M to 10-11 M). Proteins were isolated and
immunoblotted with anti-GS (1:1000). Protein loading was controlled by ponceau S staining of the
blots.

Fig. 14

Effects of FGF-2 on (A) GLT-1 and (B) GLAST protein expression.

Total proteins were isolated from third passage cortical rat glial cultures maintained for 72 h in the
absence or presence of FGF-2 (25ng/ml) or dbcAMP (10-4 M). Loading was controlled by staining the
blots with actin antiserum.
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maintained for 72 h with different concentrations of growth factors and analyzed for GLT-

1 and GLAST expression by immunoblot analysis using specific antibodies. Both GLT-1

and GLAST protein levels increased in cultures exposed to EGF and TGFα (Fig. 15).

These effects were dose-dependent and were first detectable with EGF at theconcentration

of 10 ng/ml for both GLT-1 and GLAST and with TGFα at a concentrations of 20 ng/ml

for GLAST and 60 ng/ml for GLT-1 (Fig. 15). Maximal effects were present with 80 and

100 ng/ml of EGF and TGFα for both GLT-1 and GLAST. Similar increases in GLT-1 and

GLAST did not occur in glial cultures maintained for 72 h with FGF-2 (Fig. 14). To assess

the functional consequences of EGF and TGFα-induced expression of glial glutamate

transporters, third passage cortical glia were tested for sodium dependent uptake of

radiolabeled glutamate. Three days exposure to EGF yielded increased Vmax (24,21

nmol/min/mg) and Km (94 µM) of glia glutamate uptake as compared to untreated control

(Vmax: 16,86 nmol/min/mg; Km: 37,8 µM). Similar increases were present after three days

treatment with TGFα (Vmax: 33,78 nmol/min/mg; Km: 92,56 µM) as compared to untreated

control (Vmax: 23,8 nmol/min/mg; Km: 46 µM). Two independent uptake experiments were

performed for each treatment yielding four values for untreated control and and two Vmax
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Fig. 15

Dose-response curve of TGFαααα  and EGF on glial glutamate transporters expression

Third passage rat glia were maintained for 72 h with the indicated TGFαααα or EGF concentrations and
analyzed by immunoblotting for (A) GLT-1 and (B) GLAST expression levels. Loading of the gels was
controlled by additionally staining the blots with actin antiserum.
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and Km values for EGF or TGFα. Furthermore, EGF and TGFα influences on glial

glutamate transporters was studied on transcriptional level. RT-PCR analysis demonstrated

that exposure of cultured cortical astroglia to either EGF or TGFα increases mRNA

encoding both GLT-1 (TGFα, 2.7-fold, p<0.05; EGF, 2.8-fold, p<0.05; n=3) and GLAST

(TGFα, 3.3-fold , p<0.05 n=3; EGF, 3.4-fold, p<0.05; n=3) (Fig. 16).

4.4. REDUNDANT SIGNALING PATHWAYS REGULATE EXPRESSION OF
GLT-1 AND GLAST

To study intracellular signaling cascades regulating glial glutamate transporters

expression, third passage rat glial cultures weremaintained for 72 h with PACAP-38, EGF

or TGFα supplemented with the PKA inhibitor, H89 (10-5 M), the PKC inhibitor, Gö6976

(10-6 M), the PKB inhibitor LY294002 (10-5 M), the MAPK inhibitor, PD98059 (2.5 • 10-5

M) or the NFκB inhibitors, PDTC (10-4 M) and MG132 (10-5 M). Western blot analysis

revealed that H89 almost completely abolished the PACAP-38-induced expression of
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Fig. 16

RT-PCR analysis of TGFαααα-, EGF- and dbcAMP (positive control)-treated cortical glia for (A) GLT-1
and (B) GLAST mRNA levels.

Total mRNA was isolated from third passage rat cortical glia maintained for 72 h with either TGFαααα
(100 ng/ml), EGF (100 ng/ml) or dbcAMP (10-4 M). Transporter and ββββ-actin mRNAs were co-
amplified by 30 PCR cycles in the presence of different primer concentrations and separated on a
1.5% agarose gel. Graphs show ratios of transporter and ββββ-actin RT-PCR products taken as a
measure of GLT-1 or GLAST mRNAs levels.
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GLAST and also decreased, although to a lesser extent, GLT-1 expression levels in

PACAP-38-treated glia (Fig. 17). The presence of Gö6976 did not interfere with the

effects of PACAP-38 on GLAST expression, but resulted in a robust inhibition of PACAP-

38-induced GLT-1 expression (Fig. 17). Inhibition of PKB and MAPK had no effect on

PACAP-38-induced glutamate transporters expression (Fig. 17). PACAP-38-induced

expression of both GLT-1 and GLAST was completely inhibited by PDTC (Fig. 17). H89,

Gö6976 as well as PD98059 had either no or only marginal effects on TGFα/EGF-induced

GLT-1 expression (Fig.18). Both LY294002 and PDTC completely abolished the

stimulatory effects of TGFα and EGF on GLT-1 expression. The stimulatory effects of

both EGFR ligands on GLAST expression were sensitive to H89 and PDTC.
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Fig. 17

PACAP affects the expression of glutamate transporters via different signaling pathways.

Third passage rat glial cultures were treated for 72 h with PACAP-38 (10-7 M) in combination with
either H89 (10-5 M), Gö6976 (10-6 M), LY294002 (10-5 M), PDTC (10-4 M) or PD98059 (2.5 x 10-5 M).
Levels of GLT-1 and GLAST were determined by immunoblot analysis.
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Fig. 18

EGF and TGFαααα affect the expression of glutamate transporters via different signaling pathways.
Third passage rat glial cultures were treated for 72 h with EGF (100 ng/ml) or TGFαααα (100ng/ml) in combination with either H89 (10-5 M), Gö6976 (10-6 
M), LY294002 (10-5 M), PDTC (10-4 M) or PD98059 (2.5 x 10-5 M). Levels of GLT-1 and GLAST were determined by immunoblot analysis.
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The specificity of the inhibitory effects of PDTC on glial glutamate transporters expression

were further assessed by the useof MG132, which in contrast to PDTC prevents activation

of NFκB by inhibition of ubiquitin-proteasome pathway (Lee and Goldberg, 1998).

Similar to PDTC, the stimulatory effects of PACAP-38, TGFα and EGF were completely

abolished with MG132 (data not shown). To assess potential toxic effect of PDTC on

cultured astroglia, glial cultures were maintained for 72 h with PDTC and stimulated for

20 min with dbcAMP (Fig.19). Subsequent immunoblot analysis for activated CREB

using phospho-specific anti-CREB antibodies demonstrated that cultured cells respond to

elevated cAMP levels with CREB phosphorylation (Fig. 19). In support of the finding that

NFκB is the common signaling pathway for induction of glutamate transporters, it was

additionally observed that PACAP in combination with TGFα or EGF do not additively

promote GLT-1 and GLAST expression in glial cultures. (Fig. 20)
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Fig. 19

Evaluation of putative toxic effects of PDTC on cultured glia.

Third passage rat cortical glial cultures were treated with PDTC
for 72 h and subsequently stimulated with cAMP for 20 min.
Immunoblot analysis shows that astrocytes respond to cAMP with
CREB phosphorylation, demonstrating that chronic treatment with
PDTC does not impair responsiveness of astrocytes.

Fig. 20

Evaluation of additive effects of PACAP and TGFαααα or EGF co-treatment on GLT-1 and GLAST
expression.

Third passage rat cortical glial cultures were treated for 72 h with TGFαααα and EGF alone or in
combination with PACAP. Immunoblot analysis shows the absence of additive effects on glutamate
transoporters expreesion.
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4.5. THE IDENTIFIED EXTRACELLULAR FACTORS PROMOTE GLUTAMATE
TRANSPORTERS EXPRESSION INDEPENDENT OF THE MORPHOLOGICAL
DIFFERENTIATION OF CORTICAL GLIA 

Induction of glutamate transporters expression by dbcAMP, PACAP-38, EGF and TGFα

resulted only after a relatively long (over 2 days) period of time treatment (Fig. 10, 15).

This effect was associated with a range of morphological changes (Fig. 21 A, C, D). It has
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Fig. 21

Morphology of astrocytes assessed after treatment with PACAP-38, FGF-2, EGF or TGFαααα alone or in
combination with PD98059.

Third passage rat cortical glia were exposed for 72 h to (A) PACAP-38 (10-7), (B) FGF-2 (25 ng/ml),
(C) EGF (100 ng/ml), (D) TGFαααα (100 ng/ml) or (E, F) EGF or TGFαααα in combination with MAPK
inhibitor PD98059 (2.5 • 10-5) (E, F, respectively). Morphology of the astrocytes was assessed by
immunocytochemistry for astrocytic marker GFAP.



Results

been suggested that this morphological differentiation is a prerequisite to induction of

GLT-1 and GLAST expression. The morphological studies were carried out on GFAP-IR

astrocytes in third passage cortical glial cultures treated for 72 h with either TGFα, EGF,

FGF-2, PACAP-38 alone or in combination with MAP kinase cascade inhibitor, PD98059

(Fig. 21). In untreated controls, GFAP-IR cells were characterized by a flat morphology

resembling undifferentiated astroglia (Fig 3). In cultures maintained with FGF-2 alone

many GFAP-IR attained a process-bearing, stellate-like morphology; this appearance is

reminiscent of mature astrocytes (Fig 21 B). Similar to FGF, EGF or TGFα-treated

cultures contained large numbers of stellate-like GFAP-IR astrocytes (Fig 21 C and D).

Although PD98059 did not interfere with the effects of TGFα and EGF on glutamate

transporters expression, it completely prevented the morphogenic effects of both EGFR

ligands (Fig 21 E and F). In PACAP-38-treated cultures, GFAP-IR cells were mostly flat

and only occasionally showed a process-bearing morphology (Fig 21 A).
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5. DISCUSSION

5.1. ASSAY FOR EFFECTS ON GLIAL GLUTAMATE TRANSPORT

Reuptake of glutamate into astrocytes through the sodium-dependent glutamate

transporters, GLT-1 and GLAST, is currently regarded as the predominant route for

clearance of extracellular glutamate. Gene deletion and knockout studies further indicated

that the GLT-1 transporter subtype might contribute to over 90% of total glutamate

transport in the forebrain (Rothstein et al., 1996). Despite their functional importance,

factor(s) regulating glial glutamate transporters expression are presently unknown. The

aim of the present study was to identify such factors and to characterize their functional

effects on glial glutamate uptake. Since GLT-1 is also expressed by neurons (Storck et al.,

1992; Rothstein et al., 1994; Lehre et al., 1995; Furuta et al., 1997a; Brooks-Kayal et al.,

1998), all experiments were performed with highly purified astroglial cultures initiated

from the cerebral hemispheres of 1 to 3 days old rats or mice, to avoid any putative

interference of the extracellular factors tested with neuronal glutamate uptake. Astroglial

purification was achieved by maintaining primary cortical cultures in the presence of

serum, a condition known to induce the proliferation of glia, but not of neurons (Morrison

and de Vellis, 1983). Remaining neurons were further diluted by subculturing cells three

times. Immunocytochemistry for the astrocytic marker, GFAP, combined with the

morphological inspection of immunoreactive cells revealed that the resulting third passage

cultures predominantly consist of flat type-1 astrocytes (>90%) and in addition contain

few (<10%) process-bearing type-2 astrocytes as well as O-2A precursors (Raff et al.,

1983a, b). RT-PCR analysis for SNAP25 and CD31, further confirmed that the cultures

are virtually free of neurons and endothelial cells, respectively. Putative effects of a given

treatment on glial glutamate transporters expression were primarily established by Western

blot analysis using GLT-1 and GLAST-specific antibodies. Since evidence for a

transcriptional regulation of glial glutamate transporter exist (Gegelashvili et al., 1997;

Gegelashvili and Schousboe, 1997), it was further determined whether the effects seen

with the various treatments on transporter protein levels are accompanied by increases in

mRNA levels. To this end, GLT-1 and GLAST mRNA levels were quantified by

competitive RT-PCR analysis. Since Pesce et al. (1996) pointed out that the quantitative

nature of this approach is only valid when carried out within the linear amplification range
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of both the target sequence and the sequence of the internal standard, care was taken to

empirically establish optimal primer concentrations and PCR cycle numbers for this

analysis. A recent work demonstrated that both the EAAT3 and 4 are associated with

proteins, termed GTRAPs (glutamate transporter-associated proteins), which either

facilitate or inhibit glutamate transporter function (Lin et al., 2001). Although it remains to

be seen whether similar GTRAPs exist for GLT-1 and GLAST, these findings imply that

increases in glutamate transporters expression may not necessarily be associated with

changes of glial glutamate uptake behavior. Putative effects of the various treatments on

glial glutamate transport were assessed by determining both the Vmax- and Km-value of

specific glial glutamate transport. All obtained uptake data were initially subjected to

linear regression according to Lineweaver-Burk, Hanes and Eadie-Hofstee. Since in all

cases, the best linear fit of the data was obtained by Eadie-Hofstee transformation, this

method was used to determine Km- and Vmax-values. The subsequent comparison of the

calculated apparent Km- and Vmax-values (4.3.1) in untreated controls with the literature

confirmed a good agreement with the values determined by other groups (Schlag et al.,

1998).

5.2. IDENTIFICATION AND FUNCTIONAL CHARACTERIZATION OF
EXTRACELLUALR SIGNALS AFFECTING THE EXPRESSION OF GLIAL
GLUTAMATE TRANSPORTERS

5.2.1. PACAP

Recent findings from studies with glia-neuron co-culture systems and glia-CM pointed to

neurons as the source of a releasable factor with potent effects on glial glutamate

transporters expression (Hayashi et al., 1988, Swanson et al., 1997; Schlag et al., 1998).

While it had been originally assumed that the active substance might be glutamate,

subsequent studies by Schlag et al. (1998) demonstrated that neuronal influences on the

expression of glial glutamate transporters are not abolished by interfering with glutamate

signaling. Furthermore, these studies revealed that the effects of neurons on glial glutamate

transporters expression are mimicked by activation of cAMP-dependent signaling

pathways (Swanson et al., 1997; Schlag et al., 1998). Several findings presented in this

thesis provide compelling evidence that neurons affect glial glutamate turnover through
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PACAP, the most potent activator of cAMP-dependent signaling pathways presently

known (Arimura, 1998). Firstly, consistent with such a regulatory role, we observed that

PACAP is exclusively synthesized by cortical neurons, but not by glia as shown by RT-

PCR analysis of neuronal cultures and glial cultures for PACAP mRNA expression. This

lack of PACAP synthesis can not be attributed to the absence of neurons in the culture

system as judged from the observation that treatment of glial cultures with either neuron-

CM or neuronal membrane fractions failed to induce PACAP synthesis in glial cells.

Although it can not by completely dismissed that the differentiation process of glia in

vitro might differ from that in vivo, it has to be emphasized that PACAP synthesis was

undetectable in glia maintained under distinctly different culture conditions, including

serum-containing and serum-free medium, as well as serum-free medium supplemented

with FGF-2. While serum promotes glial proliferation, serum-free medium induces

morphological differentiation of astrocytes. FGF-2 exerts a dual effect on glia: it is a

potent mitogen for glial precursors and induces morphological differentiation of newly

generated cells (5.2.2.). Moreover, in line with these in vitro findings, all in vivo studies

currently available point to neurons as the source for PACAP in the CNS (Koves et al.,

1991; Kivipelto et al., 1992; Mikkelsen et al., 1994; Nielsen et al., 1998; Waschek et al.,

1998). Secondly, further corroborating the role of PACAP as the physiological mediator of

the effects of neurons on glial glutamate turnover, we found that the stimulatory effects of

neuron-CM on glial GLT-1 expression were specifically attenuated in the presence of

inactivating PACAP antibodies or the PACAP receptor antagonist, PACAP-(6-38).

Moreover, treatment of glia with PACAP-38 robustly increased the expression of the

glutamate transporter GLT-1 and GLAST at both translational and transcriptional levels.

In addition, PACAP-38 increased the maximal velocity of the glutamate uptake process,

suggesting that thenewly synthesized glutamate transporters are functionally active. It has,

however, to be mentioned that due to the lack of specific inhibitors, we have been unable

to discern whether in fact both GLT-1 and GLAST contribute to the observed increase in

the maximal velocity of total glial glutamate uptake. Although dihydrokainate has been

shown to act as a specific inhibitor for GLT-1 expressed in a heterologous system (Pines et

al., 1992; Arizza et al., 1994), it does not affect GLT-mediated glutamate uptake in

primary glia (Schlag et al., 1998). Intriguingly, PACAP-38 also increased the apparent Km-

value of the uptake process. A similar phenomenon has been recently observed in studies

with dbcAMP and has been attributed to an overestimation of the Km-value that may occur
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when enhanced glutamate transport would lower glutamate concentrations in the vicinity

of the transporters (Schlag et al., 1998). The use of PACAP-induced c-fos expression as a

readout for functional signal transduction (Engele and Schilling, 1996) finally allowed to

demonstrate that PACAP receptors are present on the majority of all GS-IR astrocytes. GS

expression is a marker for the subpopulation of astrocytes involved in glial glutamate

uptake and metabolism (Martinez-Hernandez et al., 1977).

5.2.2. EGFR LIGANDS AND FGF-2

The observation that cortical astroglia maintained under control conditions (serum-free

N2-medium) exhibited a basal expression of both GLT-1 and GLAST pointed to the

existence of additional extracellular factors affecting glial glutamate transporters

expression and further suggested that these factors might be provided by astroglia

themselves. In the present work, FGF-2 as well as the EGFR ligands, TGFα and EGF, were

considered as potential candidates. All these growth factors are synthesized by astrocytes

and exert partly overlapping effects on glia during brain development as well as after brain

injury. All factors represent glial mitogens and further exert potent effects on astroglial

differentiation (Leutz and Schachner, 1981; Simpson et al., 1982; Sensenbrenner et al.,

1987; Perraud et al., l988; Casper et al., 1991; Engele and Bohn, 1992; Hou et al., l995;

Reilly et al., 1998; Engele, 1998). Similar to PACAP, EGF and TGFα promoted GLT-1

and GLAST expression at both transcriptional and translational levels. These stimulatory

effects were associated with a subsequent increase in the apparent Vmax- and Km-value of

glial glutamate uptake (5.2.1.). In contrast, FGF-2 completely failed to affect GLT-1 or

GLAST expression. The reason for the differential effects of EGF or TGFα and FGF-2 on

glial glutamate transporters expression are currently unknown. Other findings from our

laboratory currently favor the assumption that these diverse effects might reflect distinct

differences in the molecular mechanism, which determine the proliferation-differentiation

decisions of astroglia to these growth factors (Bayatti and Engele, 2001). Specifically,

these studies revealed that unlike TGFα, FGF-2 affects glial differentiation only in the

presence of low levels of active ERK. Studies in which FGF-2 is tested for putative effects

on glutamate transporters expression in glia with inhibited ERK activity are currently in

progress. During preparation of this work, stimulatory effects of EGF and TGFα on glial
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glutamate transporters expression as well as the absence of such effects with FGF-2 have

been observed by another group (Zelenaia et al., 2000). This group further demonstrated

that in addition of FGF-2 several other growth factors previously found to control glial

development and differentiation such as insulin, NGF and PDGF fail to affect glial

glutamate transporter expression. It has to be stressed, however, that these findings do not

necessarily imply that glial glutamate transporters expression is solely controlled by

PACAP and EGFR ligands. In fact, inhibition of the EGFR kinase activity by PD168393

did not prevent basal expression of glutamate transporters in untreated astroglial cultures

(data not shown). This finding strongly suggests the existence of additional factors which

act on glial glutamate transporters expression. Such a multitude of regulatory influences is

not surprising given the pivotal role of astrocytes in the clearance of extracellular

glutamate and thus the termination of glutamatergic neurotransmission and the prevention

of toxic extracellular glutamate concentrations.

5.2.3. ADDITIONAL FEATURES OF THE REGULATORY INFLUENCES OF
PACAP, EGF AND TGFαααα ON GLIAL GLUTAMATE TRANSPORT

Aside from their effects on glutamate transporters expression, PACAP, TGFα and EGF

displayed several additional common features on glial glutamate turnover. One of these

features consisted in the fact that exposure of cortical astroglia to PACAP-38 not only

promoted glutamate transporters expression, but also resulted in a robust increase in the

expression of the glutamate converting enzyme, GS. Interestingly, similar stimulatory

effects on GS expression in cortical glia have been reported for EGF (Loret et al., 1989,

Fressinaud et al., 1991). Together these observations suggest a strict coupling of glutamate

transporters and GS expression and a subsequent common transcriptional regulation of the

key proteins involved in glutamate turnover of cortical astroglia. A similar coupling of

transcriptional regulation of GLAST and GS has been recently reported for Müller cells of

the retina (Rauen and Wießner, 2000). On the functional level, this common

transcriptional regulation would ensure the effective enzymatic conversion of intracellular

glutamate even under conditions of enhanced transport and thus facilitates

neurotransmitter transport by maintaining a glutamate gradient across the cell membrane.

Another common feature of PACAP, EGF and TGFα is the different potencies by which

they affect GLT-1 and GLAST expression. In case of PACAP-38 and EGF, stimulatory
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effects on GLAST expression occurred at distinctly higher concentrations of both

extracellular factors as compared to GLT-1. Vice versa, TGFα promoted GLAST

expression at low extracellular concentrations and affected GLT-1 only at about 3-fold

higher extracellular concentrations. This points to the intriguing possibility that depending

on their extracellular concentration, PACAP, EGF and TGFα allow for a stepwise or

graded activation of glial glutamate turnover. Accordingly, moderate increases in

extracellular PACAP, EGF or TGFα levels would preferentially promote the expression of

one transporter subtype, whereas high increases of the respective extracellular factor would

promote the expression of both glutamate transporters and hence allow optimal glutamate

transport.

It is currently assumed that rapid changes in theactivity of glial glutamate transport can be

brought about by the PKC- and/or PKA-dependent phosphorylation of glial glutamate

transporters, especially the GLT-1 (Casado et al., 1991; Casado et al., 1993; Conradt and

Stoffel, 1997; Gonzalez and Ortega, 1997). More recently, it has further been

demonstrated that PKC-dependent phosphorylation processes also modulate glutamate

transport activity by inducing the translocation of GLAST from intracellular stores to the

cell membrane (Correale et al., 1998; Davis et al., 1998; Davies and Robinson, 1998). A

similar translocation process has not yet been described for GLT-1. Since PACAP, TGFα

and EGF are all known to activate PKC- and PKA-dependent signaling pathways in their

target cells (Miyata et al., 1989; Mueller et al., 1997; Arimura, 1998; Barbier et al., l999;

Moghal and Sternberg, 1999), it is tempting to speculate that all these factors would also

interfere with the activity of glial glutamate transporters. Studies addressing this issue are

currently in progress. In this respect, it is further noteworthy that in addition to directly

interfering with the activity of glial glutamate uptake, PACAP could principally also

indirectly modulate transporter activity. PACAP co-operates with glutamate to induce the

release of arachidonic acid (Stella and Magistretti, 1996), a signaling molecule known to

rapidly alter GLT-1- and GLAST-mediated glutamate uptake (Zerangue et al., 1995).
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5.3. SIGNAL RECOGNITION AND TRANSDUCTION MECHANISMS
UNDERLYING THE STIMULATORY EFFECTS OF PACAP, EGF AND TGFαααα ON
GLIAL GLUTAMATE TARNSPORTER EXPRESSION

5.3.1. RECEPTORS

At present, neither selective PACAP receptor agonists nor antagonists are commercially

available thus hampering the identification of the receptor(s) mediating the cellular effects

of PACAP. For an initial analysis, most studies currently exploit the fact that all three

PACAP receptors exhibit different affinities for members of the PACAP/VIP/glucagon

family of peptides (Inagaki et al., 1994; Svoboda et al., 1994; Adamou et al., 1995).

According to their affinity for PACAP and VIP, PACAP receptors have been divided into

two groups, termed type-1 and type-2 binding sites. Type-1 binding sites which include

PAC1-R and its splice forms show high binding affinity for PACAP, but have a distinct

lower binding affinity for VIP. Type-2 binding sites comprising the VPAC1 and VPAC2

receptors show high binding affinity for both PACAP and VIP. The finding that VIP

promoted glial glutamate transporters expression at about 10 to 100 times higher

concentrations as compared to PACAP indicates that PACAP exerts its effects on glial

glutamate turnover through PAC1-R. PAC1-R exists in various splice forms (Spengler et

al., 1993). In the context of the present study, the most interesting splice forms are the

ones containing one or two additional cassettes, termed hip and hop, within the third

intracellular loop. Since the hop splice forms lead to a more potent activation of signaling

pathways than the hip forms (Spengler et al., 1993), the differential expression of these

splice forms could allow modulation or fine tuning of the effects of PACAP on glial

glutamate transport. Along this line, it was recently observed that sympathetic neuroblasts,

which express the hop isoform respond to PACAP with proliferation, whereas cerebral

neuroblasts expressing the short isoform (PAC1-Rs) cease to divide in the presence of

PACAP (Lu, 1998). PACAP effects could be further modulated via the very short splice

form of the PAC1-R (PAC1-R-vs), which in contrast to the other splice forms binds

PACAP-38 and PACAP-27 with similar affinities. However, since PACAP-27 only

represents a minor fraction of the total PACAP pool in the brain, these modulatory

influences appear rather marginal. Initial findings demonstrated that under control

conditions, cultured cortical astroglia preferentially express the hop isoforms (data not
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shown). Current experiments aim at identifying conditions which lead to changes in glial

PAC1-R make-up and which, thus, eventually modulate the effects of PACAP on glial

glutamate transport.

EGF and TGFα exerts its cellular effects through EGFR, also known as erbB-l. Activation

of the EGFR either results in homodimerization or heterodimerization with other EGFR

family members notably erbB-2 and erbB-4. (Moghal and Sternberg, l999; Junier, 2000).

In the brain, astrocytes show the highest expression levels of EGFR and further exhibit a

brain region-specific expression pattern of the other EGFR family members. In case of

cortical astroglia the expression of erbB-2 and erbB-4, but not erbB-3, has been

demonstrated (Ma et al., 1999). Heterodimerization of erbB-1 with erbB-2 results in

prolonged EGFR signaling due to a lower ligand dissociation rate as compared to EGFR

homodimers. EGFR homodimers have been reported to bind EGF with an IC50 in the µM

range, whereas EGFR heterodimers show an IC50 in the nM range (Eppenberger and

Mueller, 1994; Sweeney and Carraway, 2000). Interestingly, the concentration of EGF and

TGFα required for maximal increase in glial glutamate transporters expression (3 nM)

corresponded to an activation of high-affinity binding sites, implying that EGF and TGFα

regulate EGFR erbB-1/erbB-2 heterodimers.

5.3.2. SIGNALING PATHWAYS

In accordance with a previous report (Zelenaia et al. 2000), the stimulatory effects of EGF

and TGFα on GLT-1 and GLAST expression were completely abolished upon inhibiting

NFκB activation with PDTC. In addition, PDTC also abolished the effects of PACAP on

GLT-1 and GLAST expression. It is of note that these inhibitory effects on glutamate

transporters expression were not the result of a general toxic effect of PDTC on cultured

glia, as suggested by the additional observation that the presence of this inhibitor did not

interfere with the cAMP-induced activation of NFκB-independent signaling pathways

such as CREB phosphorylation. Together these findings are consistent with the view that

NFκB represents a common downstream event of the stimulatory effects of PACAP, EGF

and TGFα on glial glutamate transporters expression and further suggest that PACAP,

EGF and TGFα exert redundant or compensatory effects on glial glutamate transport

(5.5.). This conclusion is further in line with the observation that PACAP-38 and EGF or
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TGFα did not additively promote glial glutamate transporters expression. In addition, the

stimulatory effects of PACAP-38 on GLT-1 expression were also sensitive to the PKA

inhibitor, H89 and the PKC inhibitor, Gö6976, but were unaffected by the Akt inhibitor,

LY294002 or the MEK inhibitor, PD98059. In case of TGFα and EGF, stimulatory effects

on GLT-1 expression were abolished with LY29400, whereas Gö6976 and PD98059 had

no effect. In contrast, to GLT-1, the effects of PACAP-38 and TGFα and EGF on GLAST

were only sensitive to H89, but not the other inhibitors. These observations further

demonstrate that depending on the extracellular signal the stimulatory effects depend on

PKA, PKC and/or Akt. Since PKA, PI3K/Akt and PKC have been previously found to

activate NFκB (Zhong et al., 1998; Ozes et al., 1999; Minneman et al., 2000), presently

the most plausible explanation for these findings is that depending on the respective

extracellular signals, the observed activation of NFκB occurs through distinct upstream

signaling pathways (Fig. 22). A paradigmatic activator of NFκB is TNFα (Baldwin,

1996). Intriguingly, we and others failed to observe any stimulatory effects of TNFα on
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TGFαααα or EGF and PACAP-38 activate NFκκκκB, through different signaling pathways, as a common
downstream event which leads to the increased expression of glutamate transporters.
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glial glutamate transporters expression (Fine et al., 1996; Ye and Sontheimer, 1996).

Consequently, presently it can not be dismissed that the interaction between PKA,

PI3K/Akt, PKC and NFκB might be more complex than a simple upstream-downstream

relation. Any conclusion to this interaction is currently further hampered by the fact that

the sequences of both the GLT-1 and GLAST promoter regions are still unknown.

5.4. THE STIMUALTORY EFFECTS OF PACAP, TGFαααα AND EGF ON GLIAL
GLUTAMATE TARNSPORTER EXPRESSION OCCUR INDEPEDENTLY OF
MORPHOLOGICAL DIFFERENTIATION

From the observation that the stimulatory effects of EGF, TGFα and dbcAMP on

glutamate transporter expression are preceded by themorphological maturation of cultured

astrocytes, it has been previously concluded that all these factors would affect glutamate

transporters expression in a secondary differentiation-dependent step (Swanson et al. l997;

Schlag et al., 1998; Zelenaia et al, 2000). This thesis shows that PACAP-38 increased

GLT-l and GLAST expression in cortical astroglia in the absence of major morphogenic

effects. Vice versa, FGF-2 failed to promote GLT-1 and GLAST expression although it

induced major changes in astrocytic morphology. Moreover, blocking the morphogenic

effects of TGFα or EGF on cultured astrocytes by inhibiting the MAP kinase cascade with

PD98059 did not interfere with the stimulatory effects of both growth factors on GLT-1

and GLAST expression. Together these observations strongly suggest that in astrocytes the

morphological differentiation and the expression of glutamate transporters are regulated

independently from each other. However, given the fact that a 48 h treatment with

PACAP-38, EGF or TGFα was required to allow for detectable changes in GLT-1 and

GLAST expression, these findings do not necessarily preclude the possibility that the

observed effects of PACAP-38, EGF and TGFα involve an intermediate step.

5.5. PHYSIOLOGICAL ROLE OF PACAP, EGF AND TGFαααα IN THE
REGULATION OF GLUTAMATE TRANSPORTERS EXPRESSION

FGF-2, TGFα, as well as PACAP are expressed very early during brain development and

affect distinct developmental processes such as the proliferation and lineage decisions of

neural progenitor cells (Vescovi et al., l993; Kilpatrick and Bertlett, 1995; Reynolds and
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Weiss, 1996; Qian et al., 1997; Lu et al., l998; Waschek et al., 1998). It remains to beseen

whether PACAP and/or EGF and TGFα are essential for the induction of glial glutamate

transporters expression in developing CNS glia. In the adult brain, TGFα and EGF are

synthesized by both neurons and glia (Szebenyi and Fallon, 1999; Valenzuela et al., 1999;

Junier, 2000), whereas PACAP is exclusively present in neurons (5.2.1). Data in this work

together with those from others currently suggest that in the normal brain glial glutamate

transporters expression is predominantly controlled by neuron-derived PACAP and further

argue for rather marginal influences of EGF and TGFα. Killing neurons in glia-neuron co-

cultures results in a massive decline in GLT-l expression (Schlag et al., l998). Similarly,

cortico-striatal and fimbria-fornix lesion induces a temporary downregulation of both

GLT-1 and GLAST protein levels in the striatum and hippocampus (Ginsberg et al., 1995;

l996). Moreover, the stimulatory effects of neuron-conditioned medium on glial glutamate

transporter expression are virtually abolished in the presence of inactivating PACAP

antibodies or the PACAP receptor antagonist, PACAP-(6-38), but not by inhibition of

EGFR tyrosine kinase activity (Zelenaia et al., 2000). In contrast to the apparent absence

of influences of EGF and TGFα on glial glutamate transporters expression in the normal

brain, several lines of evidence point to a potential role of these growth factors in the

regulation of glial glutamate transport in the injured brain. After cortical impact glutamate

transporters expression decreases within hours after injury and recovers several days post

injury (Rao et al., 1998). This biphasic effect seems to result from the initial loss of

neuronal influences on glial glutamate transporters expression (Sims and Robinson 1999),

probably due to neuronal cell death and the subsequent onset of a compensatory

mechanism. Interestingly, whereas neither PACAP nor the PACAP-selective receptor,

PAC1-R, are upregulated after brain injury (Jaworski, 2000); various lesion paradigms

revealed a transient increase of EGF and TGFα in reactive astrocytes, lasting from several

days to weeks (Cotman, 1992; Lisovoski et al., 1997; Junier, 2000). Based on these

observations, it does not seem too far stretched to assume that EGF and TGFα might

compensate the loss or decline of neuronal PACAP influences on glial glutamate

transporters expression under certain pathological brain conditions.
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5.6. CONCLUSION

A close correlation between hyper- or hypoactivity of glial glutamate turnover and distinct

glutamate-associated diseases has been suggested repeatedly. Currently, the loss of glial

glutamate transporters and subsequent increases in extracellular glutamate are thought to

contribute, at least in part, to the neurodegenerative processes underlying sporadic

amyotrophic lateral sclerosis, Alzheimer’s disease and Huntington’s disease (Sims and

Robinson 1999). In addition, it is held that a similar process contributes to the neuronal

cell death seen after hypoxic/ischemic conditions as well as after traumatic brain injuries

(Sims and Robinson 1999). On the other hand, increased glutamate uptake eventually

leads to glutamatergic hypofunction, a mechanism implied in schizophrenia and other

psychoses (Carlson and Carlson, 1990). The present demonstration that PACAP-38, TGFα

and EGF potently promote the expression of glial glutamate transporters point to a crucial

role of these factors in the pathophysiology of glutamate-associated psychiatric and

neurological diseases. In addition, these findings may help to develop new therapeutic

strategies to limit excitotoxic brain damage.
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6. SUMMARY

It is increasingly evident that the neuronal cell death occurring after brain injury as well as

in neurodegenerative disorders is at least in part due to the decreased expression of glial

glutamate transporters GLT-1 and/or GLAST and the resulting elevated glutamate levels.

The aim of the present study was to identify extracellular factors which affect the

expression of glial glutamate transporters which might help to better understand and

prevent glutamate associated brain damage. Since glutamate transporters are also

expressed by neurons, all studies were performed with highly purified astroglial cultures to

avoid any interference with neuronal glutamate transport. Dissociated cell cultures were

prepared from cortical hemispheres dissected from 1 to 3 days old rats and passaged three

times. Testing for various cell markers by immunocytochemistry and RT-PCR analysis

demonstrated that the established cultures predominantly consist of astrocytes and are

virtually devoid of neurons and endothelial cells. Previous studies revealed that glial

glutamate transporters expression increases in the presence of neurons and that this effect

is mimicked by the activation of cAMP-dependent signaling pathways. Therefore PACAP,

the most potent activator of cAMP presently known, was considered as a putativeneuronal

factor which might affect glial glutamate transport. In support of this notion it was

observed that neuron-CM promotes glutamate transporters expression and that this effect

can be abolished by addition of anti-PACAP-38 antibodies or PAC1-R antagonist

PACAP-(6-38). Furthermore, direct treatment of cultured cortical astroglia with PACAP-

38 promoted the expression of GLT-1, GLAST and GS at the mRNA and protein level

with different potencies. The effect of PACAP-38 on glutamate transporters expression

was associated with 1.6-fold increase in the Vmax-value of sodium-dependent uptake of 3H-

glutamate into cultured glial cells. Consistent with the proposed role of PACAP as a

neuron-derived peptide regulating glial glutamate transporters expression, RT-PCR

analysis allowed the detection of PACAP mRNA expression in neurons but not in glia.

PACAP acts through three receptors which exhibit different affinities for other members of

the PACAP/VIP/glucagon family. The comparison of the stimulatory effects of PACAP

with those of VIP on glutamate transporters expression demonstrated that PACAP-38 was

10 and 100 times more potent in stimulating the expression of GLAST and GLT-1,

respectively. This suggests that PACAP promotes glial glutamate transport through PAC1-

R which shows high PACAP binding affinity and binds VIP only with low affinity.
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The observation that even in the absence of neurons, cultured cortical astroglia express

GLT-1 as well as GLAST pointed to the existence of additional extracellular signals

involved in the expression of glial glutamate transporters. The extracellular factors known

to profoundly interfere with glial development are the EGFR ligands, EGF and TGFα, as

well as FGF-2. Treatment of third passage cortical astroglia with EGF and TGFα, but not

with FGF-2, for 72 h robustly promoted GLT-1 and GLAST expression at both mRNA and

protein levels resulting in a subsequent 1.7-fold increase in the Vmax-value of sodium-

dependent 3H-glutamate uptake.

Co-treatment of cortical astroglia with PACAP-38 and EGF or TGFα had no additive

effects on glutamate transporters expression, indicating that the identified extracellular

signals exert redundant effects on glial glutamate transport. A pharmacological approach,

using specific inhibitors for distinct signaling proteins, was chosen to further analyze the

signal transduction pathways mediating thestimulatory effects of PACAP, TGFα and EGF

on GLT-1 and GLAST expression. These studies revealed that depending on extracellular

factor, the stimulatory effects on glutamate transporters expression involve the activation

of NFκB in combination with either PKA, PKC and/or Akt.

Although it has been recently suggested that the effects seen with extracellular signals on

glial glutamate transporter expression might result from a secondary differentiation-

dependent step, PACAP-38 promoted glial glutamate transporters expression without

major effects on astroglia morphology. Similarly, the stimulatory effects of TGFα and

EGF persisted even when the morphogenic effects of both growth factors were inhibited

with PD98059. Finally, FGF-2 promoted the morphological maturation of cultured

astroglia without affecting glial glutamate transport. Tthese findings imply that in

astrocytes the morphological differentiation and the expression of glutamate transporters

are regulated independently from each other.

Taken together, these results imply that under normal conditions glial glutamate

transporters expression is predominantly regulated by neuron-derived PACAP. In addition,

these findings suggest that the loss of neuronal PACAP influences, as seen after brain

injury or neurodegenerative processes, might be compensated by the increased expression

of TGFα and EGF in reactive astrocytes.
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