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An Introduction to cell culture models as alternatives to 
animal experimentation for the testing of neuroprotective 
compounds in stroke research 

Adri"n J. Carter and Helmut Kelteulll"uu 

The Else o[ Iivillg ani11lals ;11 scielllific research ean be cOllsidel'ed }lIstified 
if il is like/)' 10 prodllce app/'eciab/e belleftllo sociel),. if Ille/'e is 110 DIlle/' 
way 10 conducl Ihe research ill questioll mld if all reasollable sleps are 
taken 10 keep allY dis/tess 01' sltjJerilig 10 a minimu1II. 

Lord E.D. Adrian FRS 

This handbook is the result of a projeet partly linaneed by the Gern,an Ministry for Edueation, 
Research, Seienee and Teclmology (BMBF) whieh ran for three years rrom 1995 to 1998 and 
involved several research groups in Germany. The statement of Lord Adrian, famous for his 
discovery that the frequency of firing in a nerve cell is a measure of the intensity of the 
st imulus, quoted above is a way of ethically justifying the use of animals in research. It also 
contains a very important caveat. It requires us to ask ourselves carefutly whether there is 
really 1/0 ollle!' lVay of conducting the research in quCStiOll. And this is the aim that we have 
set ourselves for aur joint project. During the course of aur work wo have developed and 
relincd different ccll assay techniques which can be used for investigating the effects of 
neurapratective compounds in strake research. We thought it wauld be worthwhile to share 
same af the experimental details from our filldings with a wider audience. And we have 
therefore decided in association with the BMBF 10 print a handbook which summarizes these 
methods. But first, why have we chosen human strake as our research target? 

Thromboembolic stroke causes the death of nerve cells by depriving thc brain of an adequate 
supply of oxygenated blood. The process is called cerebral ischaemi. and is primarily a 
vascular event which leads to damage ofbrain tissue and impaired function. Strake is the third 
leading cause of death after coronary heart disease and cancer, and is an importatlt source of 
adult disability in industrialized nations (Bonita, 1992). Surprisingly, funding of stroke 
research per death by the National Institutes of Health in the United States falls well bchind 
that of many other ofthese diseases (NlH, 1998). 

The brain depends on arterial blood for a continuous supply of oxygen and glucose. Even if 
blood flow is interrupted for only a few minutes, certain highly vulnerable neurons will 
degenerate. If the interruption is sustained, then all types of brain cells will eventually die. 
Fundamental to aur understanding of the pracess of cerebral ischaemia has been the 
presumption that brain cells do not simply die beeause of energy failure. The link betwecn 
ischaemia and neuronal death is considerably more complicated. Strake triggers a chain 
reaction of eleelrieal atld chemieal aetivity which is relatcd 10 ischaemic depolarization, the 
release of exeitatory amino acids and ehanges in calcium homeostasis (Matlson and Mark, 
1996; Tymianski and Tator, 1996). These events act in concert to orchestrate cell death. 

5 



The core area of an infarct is probably beyond treatment. This area of the brain is totally 
deprived of oxygen and glucose and dies within minutes. However, the area at risk 
surrounding lhe eore, aften called the penumbra because it is similar to the partially lit 
penumbra of a lunar eclipse, does not die immediately. Tlte collateralization or natural 
redundancy of the brain's blood supply allows tlus area to continue funetioning with a 
redueed blood 11ow. It is here that the ehain reaction of seeondary injury, if not stopped, will 
cause the brain tissue to eventually succumb to the ischaemia. The penumbra thereforc 
represcnts an opportunity for intervention (Ginsberg, 1997). 

Strategies for Ihe treatment of acute ischaemic stroke are hased on three main approaches, the 
three Rs of stroke research: 

• Restoring blood flow as 500n as possible 

• Rescue brain cells from the deleterious consequcncies 

• Repair brain cells to regainlost fimctions 

Clinical investigators attempting to treat the consequences of thromboembolic stroke first 
tumed their attention to restoring blood 110w by removing the offending blood clot with 
thromboembolic agents (Önal and Fisher, 1996). Many phannaceutieal comparues have also 
concenlrated their activities on designing neuroprotective dmgs that intcrfere with the host of 
biological processes that are set in motion by Ihe original ischaemic event (Barinaga, 1996; 
Koroshetz and Moskowitz, 1996; Schehr, 1996). The idea behind tlus is such agents may slow 
down Ihe destntctive processes 10 buy more time 10 administer thrombolytic agents. Finally, 
many groups afe also turning their attention 10 enhancing the repair rnechanisms of the brain 
as a way of recovering lost fimction. These approaches assume, however, that we have 
preclinical models whieh can be used to investigate the pathologieal mechanisms involved 
and predict the efficacy in the clinieal. 

Although stroke displays considerable diversity in its pathogenesis, manifestations and 
anatomieal sites (Chopp and Zhang, 1995), approximately 80% of all events are caused by 
isehaemic infaretion (Bamford, 1992). Animal models of cerebral isehaemia fall into two 
categories: global and faeal. Global models, as their name implies, produce ischaemia in large 
areas of the brain and cause selective necrosis within vulnerable brain regions (Ginsberg and 
Busto, 1989). They are thought to represent damage that occurs after myocardial infarction or 
coronary artcry bypass operations. In contrast, focal models produce infarction in clearly 
defined regions of the brain (Ginsberg and Busto, 1989; Macrae, 1992). They arc considered 
more relevant to acute ischaemic stroke. Until beneftcial effecls of a dmg have been 
demonstrated in Ihe clinic. however, the predictive value of all of these models remains 
uncertain (Hunter el al., 1995; Grotta, 1994). Moreover, all of these animaI models require 
surgery and anaesthesia. For instanee, to occlude Ihe middIe cerebral artery in the brain to 
induee foeal cerebra I ischaemia, the skull has to be exposed by cutting skin and pulling back 
facial mnscles, it has to be opened with a drill and, finally, the artery oceluded with an electric 
coagulating iron. All of these manipulations are not painfnl when performed under 
anaesthesia. Nevertheless, Ihe animaIs exhibit impaired function in Ihe hours and days 
following the operation due to the infarct in the brain. It has therefore always been the goal of 
the researchers 10 reduce the number of animal experiments by applying cell culture 
teclmiques as mueh as possible. 
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Modem drug discovery methods of high-throughput screening, recomhinant cell systems and 
rational dmg design have revolutionized the way in which dmg research is perfonned in the 
phannaceutical industry. It has also resulted in a large drop in the number of animal 
experiments perfonned. Indeed, Boehringer Ingelheim has [01' sueeessive years been able to 
reduce its animal requiremellts, Nevertheless, it is getting increasingly difficult to reduce this 
number even further. As with auy indication area, the pathologie al processes associated with 
human stroke are very complex and diffieult to I1nderstand. If we want to reduce the number 
of cerebral ischaemia experiments perfonned wirh animals we have to mitnick the effects of 
ischaemia in our jn vitro systems. Ischaemia is an event which influences not just neurons hut 
• variety of different cell types in the braiu, namely vaseular endotheliull1, glial cells .nd 
neurons (Figure I). 

Figure 1. Isehaemia illfluences a val'icty of different cell types 

Vascular 
endothelium 

Glial cells 

Our research project has involved several groups with different research interests . We have 
attempted to mimiek the effeets of ischaemi. in a variety of cell systems to investigate the 
effects of neuroprotective compounds. Chrislina BartmalUl-Lindholm, Thomas Weiser and 
Adrian Carter at Boehringer Ingelheim Pharn" KG have investigated the effects of 
excitoxicity and oxygen-glucose deprivation in serum-free cultures ' of primary cortical 
neurons. Detlev Melzian, Rita Sattler and Thomas Hafner at Mannheim University for 
Teclmical Sciences have extended these investigations by stl1dying ion and energy 
homeostasis in similar neuronal cultures. Katharina Mertsch, Reiner Haselhoff. Matthias 
Sehroeter and Ingolf Blasig at the Institute for MoleculaI' Phannacology in Berlin have 
concentrated their efforts on detennining the effects of oxygen deprivation and various 
neuroprotective agents in endothelial cells. Jörg Breder, Clemens Sabelhaus, Ulrieh SchrMcr 
and Klaus Reymann at the Leibnitz Institute for Neurobiology in Magdeburg have used 
organotypic hippocampal cell cultures to investigate the effects of various neuroprotective 
agents. And !inally, Susan Lyons and Helmut Kettenmann at the Max Delbrilek Centrc for 
MoleculaI' Medicine in Berlin have looked at gi al cell vulnerability to oxygen-glueose 
deprivation. and their selective responses to neuroprotective agents. The results of these 
studies will appear in scientific journals in the near future, if they have not already been 
puhlished. However, because of space limitations many of the experimental details may, not 
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be fully explained. We hope that this handbook can fill this gap by praviding a collection of 
these mcthods for other researchers. 
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Pharmacological Characterization of Potential 
Neuroprotective Compounds with Serum-free, 
Primary Cortical Cell Cultures Derived from Rats 

Christina Bartmann-Lindholm and Adrian J. Carter 

Departmellt of Central NerVOllS System Researeb 

Bochrillger Illgelhcim Pharma KG 

SS2161ngelheim am Rhein 

SUlllmary 

Primary neuronal cell cultures have been used in the past to investigate the mechanisms of 
ischaemic damage and to detennine the effects of potential neuroprotective compounds. 
However, many of these systems have relied on the addition of animal serum to eneomage 
differentiation and survival of the neurons. Serum protects neurons from the toxie effects of 
excitatory amino acids. We therefore adapted a method of culturing rat cortical neurons in a 
semrn-free envirOlilllent as the basis for establishing a model of neurotoxicity which could be 
applied to test potential neuroprotective cOIupounds in the phannaceutical industry. Semm­
free primat)' cultures of eortical neurons were prepared from embryonie rat brains and 
eultured in B27lNeurobasal® medium which had been previously eonditioned by ineubating 
with eonfluent cultures of astrocyctes derived from newbom rat' brains. The neurons exhibited 
characteristic morphology of differentiated neurons and could be stained with the neuronal 
specific markers for axons, neurofilament 200, and for dendrites, microtubule-associated 
protein-2. The neurons remained viable for up to 3 - 4 weeks in eulhue. Neurotoxieity was 
indlleed either by the addition of different excitotoxins or exposing the neurons to 
hypoxia/hypoglycaemia. The number of living eeIls was quantified with an assay based Oll 3-
(4,S·dimethyllhiazol-2-yl) tetrazolium bromide (MTT). The eoneentration of glutamate in the 
medium was measured with high-perfonnanee liquid chromatography in association with 
fluorimetric detection. The results of this study showed that there was an excellent correlation 
between the number of living eells and the absorbanee measurements of MIT dye. The 
addition of glutamate, N-methyl-D-aspartate, kail1ate or veratridine induced a cOl1entration­
dependent neurotoxieity. The resulls obtauled with glutamate in the MIT assay agreed weil 
with those obtained in an alternative assay for eell dcath based on the measurement of lactate 
dehydrogenase. Subjeeting the neurons to hypoxialhypoglyeaemia eaused neuronal death and 
glutamate release. The extent of neurotoxieity aud the amount of glutamate released depended 
on the length of hypoxialhypoglyeaemia. In summary, the resulls of Ihis study show that we 
have developed a sensitive assay based on senull-free culturcs of eortical neurons from rats 
whieh ean now be applied to detennine the neuroproleelive effeels of different eompounds in 
stroke research. 
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Illtroductioll 

Cerebral ischaemia triggers a chain reaction of electrical and chemical activity which inc1udes 
ischaemia depolarizatioll, excessive release of excitatory amino acids and increases in 
intracellular Ca" (Zivin and Choi, 1991). These events acts in concert to orchestrate cell 
death. Many phannaceutical companies and clinicialls have concelltrated their activities on 
designing neuroprotective dOlgs that interfere with the host ofbiological processes that are set 
in motion by the original ischaemia event (Schehr, 1996; Barinaga, 1996; Koroshetz and 
Moskowitz, 1996). The idea behind this is that such agents may slow down the destructive 
processes to buy more time to administer agents which restore blood flow. Drug industry 
therefore needs models which can be used to sereen for such compounds. 

Primary neuronal ceIl cultures can be used to detennine the effects of neuroprotective 
compounds before testing in animal models. Indeed, many of the original experiments which 
contribute to our understanding of the pathological mechanisms of cerebral ischaemia were 
performed with such systems. For instance, experiments with hippocampal cell cultures 
prompted the proposal that enhanced synaptic activity and release of excitatory amino acids 
causes the death of neurons that have been deprived of oxygen (Rothman, 1983; Rotlunan, 
1984) Snbsequently, work by Goldberg and Choi and others with ne\lronal cell c\lltures 
expanded on this theory by foc\lssing on the importal,ce of one particular subtype of 
excitatory amino acid receptor, the N-methyl-D-aspartate (NMDA) receptor-chatmel complex 
(Goldberg et al., 1988; Choi et al., 1988; Choi et al., 1987). 

Neurotoxicity can be induced by adding various excitotoxins such as glutamate to cortical cell 
c\lltures (Choi et al. , 1987). However, inhibition of energy metabolism is perhaps a more 
realistic way of mimicking cerebral ischaemia in vitra. This has been achieved in number of 
ways in neuronal cell cultures. Energy metabolism can be inhibited by removing oxygen 
and/or glucose from the medium (Goldberg et al., 1988; Goldberg et al., 1987) or by 
inhibiting oxidative phosphorylation and glycolysis with metabolie poisons such as cyanide 
and 2-deoxyglucose (PeOlche et al., 1990; Vomov et al. , 1996). Although none of these 
approaches equate directly to ischaemia, removing oxygen and glucose remains probably the 
most realistic, albeit also most difficult. 

Many of the aforementioned studies with dissoeiated neuronal cell cultures suffer from one 
major drawback. The neuronal cells were cultured in media contailling serum. Serum protects 
rat cortical neurons from glutamate-induced neurotoxicity (Dux et al. , 1992; Uto et al., 1994; 
Dux et al., 1996) probably because it contains a variety of different growth factors such as 
basic fibroblast growth factor (bFGF) and nerve growth factor (NGF). NGF and bFGF 
attelluate hypoglycaemic damage and glutamate-illduced neurotoxicity (Cheng and Mattson, 
1991; MaUson et al., 1993a; MaUson et al., 1995) probably because they can differentially 
regulate the expression of various glutamate receptors (MaUson et al., 1993b; Cheng et al., 
1995). Consequently, the presence of serum in auy givell medium may influence the 
sensitivity of neurotoxicity and glutamate-receptor expression in neuronal cell cultures. 

We therefore adapted a previously described method of culturing rat cortical neurons in a 
seOlm-free envirolllnent (Banker and Cowan, 1977; Stichel and Müller, 1991) as the basis for 
establishing a model of neurotoxicity which could be applied to test potentialneuroprotective 
compounds. We have induced neurotoxicity in these cell cultures by adding different 
excitotoxins or subjectillg them to hypoxia/hypoglycaemia. We have quantitated the number 
of living cells with an assay based on a fonnazan dye and measured the release of glutamate 
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with high-perfonnance liquid cJuomatography (HPLC). And this has all been perfonned in 
96-well plates suitable for drug screening. 

Malerials alld Met/IOds 

Reagents. Dulbecco's modified essential medium (DMEM), B27 and Neurobasal® medium 
were purchased from Gibco (Eggenstein, Gennany), foetal calf serum (FCS) and 
trypsinlEDTA from Boehringer Mannheim (Gemlany), cytosine ß-D-arabinofuranoside and 0-
phthalaldehyde (OPA) from Sigma (Deisenhofen, GemJany), and Dulbeccos's phosphate 
buffered salt solution (DPBS) from BioWhittaker (Verviers, Belgium). DPBS had the 
following composition NaCI (137 mmollL), KCI (2.7 nunollL), CaCI, (0.9 nunollL), 
Na,HPO,'2H,O (5.6 nml01lL), Na,HPO,B,O (0.9 mmollL), MgSO .. 7H,O (0.8 nnnollL) and 
KH,PO. (1.5 mmollL), and modified Ringer buffer the following composition NaCI 
124 mmollL, KCI 4.9 mmollL, MgSO •. 7H,o 1.3 nunollL, CaCI,.2H,O 2.0 mmollL, KH,PO. 
1.2 nunollL and NaHCO, 25.6 nml0llL, pH 7.4. L-Glutamate and 2-mercaptoethanol were 
purchased from Serva (Heidelberg, Gemlany), kainate and quisqualate from Tocris (Bristol, 
England) and N-methyl-D-aspartate (NMDA) was synthesized in the Deparlrnent of 
Medicinal Chemistry at Boehringer Ingelheim (Ingelheim, Gennany). Stock solutions were 
diluted in medium and filtered sterile. Disposable plastic materials for cell culture werc 
obtained from Falcon (Heidelberg, Gennany), Greiner (Frickenhausen, Gennany) or Sarstedt 
(Nümbrecht, GemHmy). All other chemicals were at least of analytical reagent grade and 
purchased from E. Merck (Dannstadt, Gennany). 

Astl'ocyte-conditioned medium (ACM). Astrocytes were prepared fromnewbom Wistar rats 
(PI-2) by modifying a previously described method (Stichel, Mitller, 1991). The cortices were 
collected in DMEM and trituated in 4 mL DMEM. The single cell suspension was washed 
with DMEM by filling up to 50 mL medium and centrifuging at 350 x g for 5 min at room 
temperature. Cells from OIlC cortex were cultured in olle 75 cm2 flask with 20 mL 
DMEMlIO% FCS in a humid atmosphere supplemented with 10% CO,. The medium was 
changed twice a week. After two wecks, wlten the cell layer was confluent, the cells were 
shaken vigorously at 120 rpm ovemight at 37'C in a Braun rotary shaker (Schöffengnmd, 
Gennany) to remave any residual neurons, Thc cells were then washed three times with DPBS 
and 30 mL of the B27lNeurobasal® medium was added and incubated at 37'C in a humid 
atmosphere supplemented with 10% CO, to allow the astrocytes to condition the medium. 
B27lNeurobasal® medium is a serum-free, defined synthetic medium supplemented with 
insulin, transferrin, progesterone, selenium, biotin, triiodothyroninc, vitamin E, linoleic acid 
and putrescine(Brewer et al., 1993; Brewer, 1995). The ACM was decanted, shock frozen in 
liquid N, and stored at -80'C. A second batch of medium was conditoned by adding another 
30 mL of B27lNeurobasal" medium to the same astrocytes and incubating for a further three 
days. 

Coating of 96-woll pl.tes. Primaria" 96-well plates (Falcon, Heidelberg, Gennany) were 
coated by adding poly-L-Iysin 30 ~g/cm2 (50 ~L per weil from a 0.2 mg/mL stock solution in 
DBPS) and incubating for 15 min at room temperature. The plates were then washcd three 
times with purified water (Milli Q, Millipore, Eschbom, Gennany), dried for 1 hour in a 
sterile flow bank and stored ovemight at 4'C. Subsequently, the 96-well plates were incubated 
with laminin 0.3 ~g/cm2 (50 ~L per weil from a 2 jlg/mL stock solution in DPBS) for I hour 
at 37'C. The laminin-coated plates were washed twice with DMEM and an aliquot of 60 ~L 
ACM was added to the pOlY-L-lysin/laminin-coated weil to prevent it from drying out. 
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Primary cortical cell cultur.cs. Serum-free primary cultures ef eertieal neurons were 
prepared from rat brains by modif)ling previously described methods (Banker, Cowan, 1977) 
(Stichel, Müller, 1991). The cortical hemispheres were dissected from embryonic Wistar rats 
(E18-19), collected in DMEM and centrifuged at 350x g for 5 minutes at room temperature 
before removing the supematant. The cells were dissoeiated by incubating with trypsin/EDTA 
(0.05%/0.02%) for 8 minutes at 37'C. The reaction was stopped by adding DMEM with 10% 
FCS and centrifuging at 350 x g for 5 min at room temperature. The pellet FCS was 
subsequently washed twiee with DMEM. The eell pellet was resuspended in sennu-free 
B27lNeurobasal® medium and the neurons were triturated with fire-polished pasteur pipettes. 
The neurons were counted, diluted and an aliquot containing 50,000 cells in 60 ~IL 
B27lNeurobasal® medium was added to each eeated weil such that the final volUlue was 
120 ~L per weil. Olle day later, we added cytosine ß-D-arabinofuranoside to give a final 
concentration of 5 ~moVL (13 ~L per weil from a 50 ~moVL stock solution) to inhibit 
proliferation ef dividing non-neuronal eells. Two thirds of the medium was changed twiee a 
week. All cultures were maintained in a humid atmosphere of air with 10% CO2 at 37°C in a 
Cytopenn® ineubator frem Heraeus (Hauau, Gemlany). 

Asscssmcnt of ucul'otoxicity. The sensitivity of the primary cultures of cortieal neurons to a 
variety of different excitoxins or to hypoxia/hypoglyeaemia was quantified by means of a cell 
titer 96® kit from Promega (Heidelberg, Germany). Previous experiments have demonstrated 
that the cell cultures develop an adequate response to various glutamate agonists after 11-13 
days in culture, We therefore waited unti! the cultures described here had also attained this age 
before perfonning experiments with them. The cells were exposed to various glutamate 
agonists for 24 hours at 37°C and the number of Iiving eells measured with the colourimetric 
assay. The assay is based on the principle that living cells convert a tetrazolium to a blue 
formazan derivative (Mosmann, 1983). After incubating for 4 h a detergent was added to the 
cells to solubilize them and the erystals to allow measurement of the absor~ance with a plate 
reader from MWG-Biotech (Ebersberg, Germany) at 570 11111. To validate the MIT assay, we 
compared the effects of adding glutamate with an assay for lactate dehydrogenase (LDH). 
LDH is released by dead ceUs into the sUITounding medium and can be quantified by 
measuring the reductien of the terazolium dye INT with a plate reader at 490 tun (Nachlass et 
al., 1960; Decker and Lolmlann-Matthes, 1988). Further experiments were also performed in 
which the sodium chromel opener veratridine was added at different concentrations for 20 
mi nut es. The medium centaining veratridine was subsequently replaecd with normal medium 
and the ceU number quantified 24 h later. 

OxygCll measuremcnts. The exygen eoncentration in the cell culture medium as weil as in 
the ahnosphere of the gas-impenneable chamber was measured by an oxygen-sensitive 
electrode Oxi 325-B from WTW (Melsungen, Germany). The oxygen-sensitive electrodc was 
inserted into the chamber via agas impenneable valve mounted by the workshop at 
Boehringer Ingelheim. Various measurements were made to ensure that the oxygen 
concentration eould be reproducibly redueed to 0.2 - 0.3 % in the atmosphere ofthe ehamber. 
This concentration was reached within 2-3 minutes after exchanging the atmosphere and 
maintained until the end of the hypoxie treatment. 

Analysis of glutamate. The eoneentration of glutamate in the eell culture medium was 
measured by high perfonnance liquid chromatography (HPLC). The system eonsisted of an L-
6200A intelligent pump from Merck-Hitachi (Darmstadt, Germany), a Gilson 231 
autosampier with a 401 diluter and cooling block from Abimed (Düsseldorf, Genmany), a 
CMA/280 fluoreseenee detector from CMA Microdialysis (Stockholm Sweden), and a DG-
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1200 on-line degasser from VDA Optilab (Berlin, Gennany) 10 ensure Ihal Ihe mobile phase 
was free from air. A nucleosil 100 CI8 (60 x 4 nun i.d.) colunm filled wilh malerial of pore 
size 5 ~m was used in association with a guard column ofsame material (10 x 4 mrn i.d.). The 
mobile phase consisled oftwo parts: methanol and 0.1 mol/L sodium acelaie adjusted 10 a pH 
of6.94 with glacial acelic acid combined with 3.75% melhanoland 1.5% Lichrosolv® quality 
tetrohydrofurane (THF). The sodium acetate-melhanol-THF mixture was pumped at a !low 
rale of 1.2 mUmin for 6 min to separale glulamale and aspartate. The column was 
subsequently perfused with methanol al a !low rate of 1.2 mUmin for 2 min 10 wash Ihe 
remaining amino acids out berore allowing Ihe column to equilibrate again with the sodium 
acelale-melhanol-THF mixture for a further 2 min ready for Ihe nexl injeclion. Glutamale was 
derivalized for I minule with OPA in an aqueous solulion of boric acid buffer and 
2-mercaptoelhanol. The boric acid buffer was made by dissolving 2.47g boric acid in 
approximalely 90 mL distilIed waler, adjusting Ihe pH to 10.4 with NaOH (32%) and making 
up 10 1000 mL wilh dislilled water. The OPA working reagenl was made by dissolving 27 mg 
OPA in 0.5 mL elhanol, adding 20 flL 2-mercaptoelhanol and making up 10 5 mL with boric 
acid buffer. This reagenl was always allowed 10 stand for 24 h before use and was made 
freshly every 2 weeks during which lime 5 ~L 2-mercaploelhanol was added every 3 days. 
The derivatisalion procedure was perfonned wilh a Gilson aulosampler. Equally sized aliquols 
(15 flL) OPA reagenl and sampIe 10 be measured were pipetted inlo an empty tube and mixed. 
One minute later 15 ~L of Ihis mixture was injected onto Ihe HPLC column. Peak 
identification was perfonned with externat standards and concentrations were calculated on 
Ihe basis of peak height. HPLC dala were collecled wilh a Zialech IEEE-488 card and Nelson 
analytical series 900 inlerface from ESWE Analytik (Sinsheim, Gennany). Peak integralion 
was carried out \VHh Turbochrom® 4.03 software from Axel Semrau (Sprockhövel, Gennany) 
fUlUlillg on a Dell Pentium'f;l personal computer. 

Hypoxia/hypoglycaemin. The cells were maintaitled in Neurobasal'll without glucose or in a 
modified Ringer buffer whilsl subjecling Ihem 10 hypoxia/hypoglycaemia by bubbling an 
aliquot of 30 mL of glucose-free medium or buffer wilh 95% N,15% CO, for 10 minules al 
37°C. Each ofthe 96 wells received 50 ~L oflhis buffer. Only one plate was treated al a lime 
to prevent Ihe oxygen from diffusing back inlo Ihe medium. The 96-well plale was placed in a 
gas-impenneable ehamber from Bi\lups-Rolhenberg (DeI Mar, Califomia) and incubaled at 
37°C in an oxygen-free almosphere. The duralion of Ihe hypoxia/hypoglycaemia Irealment 
varied from 60 10 120 minutes after which lime Ihe medium or buffer was replaced with 
Neurobasar" medium containing glucose and the l1umber of living neurons quantified 24 h 
later with the MTT lest. 

Inlllluncytochemlstry. Cells were cullured on coverslips coaled wilh poly-L-Iysin and 
laminin as described above and fixed wilh elhanoVglacial acelic acid (95:5; viv) at -20°C for 
10 minules. The coverslips were subsequently washed 0.2% FCS in DPBS Ihree times for 5 
min. Primary monoclonal anlibodies raised againsl neuro filament 200 (Boehringer 
Mannheim, 814342, Mannheim, Gennany) or MAP2 (Boehringer Malmheim, 1284959, 
Mannheim, Gemlany) were diluled in anlibody buffer (! 0% FCS and 0.1 % NaN, in DPBS) 
and incubated for 30 miuutes at room temperature. After washing three times for 5 minutes 
wilh washing buffer, Ihe secondary antibody, fluorescine isolhiocyanale (FITC)-conjugaled 
aI,ti-mouse IgG (Boehringer Mannheim, 821462, M!IImheim, Gennany) was diluled 1:50 and 
incubated for 30 minutes. The cells were then washed as previosly described, mounted in 
glycerin (9 parts glycerine, 2.5% polassium iodide and 1 part PB conlaining 14.5 g 
Na,HPO,xH,O and 2.6 g NaH,PO,xH,O in I L dislilled water) and sealed with nai! vamish. 
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The cells were viewed using phase contrast optics with an Olympus inverted microscope with 
a fluorescence filter at 375-495 run, 

Reslllts 

Stable, serum-free primary cultures of corticalneurons could be obtained from embryonic rat 
brains in B27fNeurobasal" medium which had been previously eonditioned by ineubating 
with conflucnt culturcs of astrocytes derived from newbom rat brains. The neurons could be 
cultured either on small glass coverslips for immunofluorescence studies or in 96-well plates. 
The neurons exhibited classical neuronal morphology within a few days of preparation 
eharaeterized by the formation of a dense network of eOlllleetions (Fig, I), Thc neurons were 
also fixed after 13 days in eulture and stained positively with monoclonal antibodies for 
MAP-2 to show the dendritic network and neurofilament 200 to show the axon al network. 

Fig. 1. Photomlcrographs of primary, serum·free cutlures of cortJcal neurons 'rom the braln of ral embryos (E17-18): (Upper left) 
neurons slained v.ith a monoclonal antibody agalnsl MAP-2; (lower left) accompanylng phase·contrasl plcture of the dense 
dendrilic net\'1ork of 13-day otd neurons; (Upper fight) neurons slalned v.ilh a monoclonal antibody agalnst neurolilamenl 200 
(Lower rlght) accompaylng phase·cootrasl plelure of Ihe dense axona! netwolk. The binding of Ihe monoclonal antibodles was 
visualized by a second anU·mouse antibody coupled 10 fluorescine Isothlocyanale and fluorescence mlcroscopy. 

We perfonncd experiments in which the cortical neurons were counted and seeded at different 
densitics, Several days later the neurons were quantified with the MTT assay (Celltiter 96~ 
from Promega (Heidelberg, Germany) and nIe relative absorbanee was eompared with the 
number of original eells, There was an exeellent linear relationship (r ~ 0,95) between the 
absorbanee of the fonnazan derivative and the number of eells over the range of I 000 to 
500 000 eells (Fig, 2), 
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Flg.2. Correlation belween the number of cortical neurons 
seeded Inlo Olle weil of a 96·well plale and the relative 
absOfbance of MIT measured. The assay Is based on Ihe 
pnnclple thai IMng ealls COflvert MIT 10 abtue foonazan 
derivative. After incubaUng I()( 4 h a detergenl was added 10 the 
cells 10 solubllize Ihe cryslals and lIle absorbance was measured 
with a plale reader f,om MWG·8101ech (Ebersberg, Germany) al 
570 nm. Resulls are expressed as the mean 01 al least four 
different preparartlons. 

We detennined effects adding different coucentrations of glutamate on cell viability with the 
MIT test. In a parallel series of experiments we also detennincd the effects of glutamate 011 

cell death as measured by the release oftactate dehygrogeuase (LDH) iuto the medium . There 
was a vcry good agreement betweell the two types of test: Thc concentration of glutamate 
required 10 reduce the number of Iiving cells by 50% (Ee,,) as measured with the MIT assay 
was 5 j.ltllollL and the concentration rcquircd to cause 50% cell death with the LDH test was 
4 fllllollL (Fig. 3). 
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Fig. 3. A comparlson 01 the ability of lhe addiUon 01 different concen(raUons of glutamle 10 innuence cell viabllily as measured 
wllh the MIT assay and 10 Innuence cell death as measured wl th Ihe LOH test. Glutamate was added 10 Ihe medium and cell 
vlabl1!ty/dealh was measure on Ihe following day. AJI results are lhe mean :I: SEM 01 four separate preparatlons and are 
normalized as a functlon of the untreated cell groop. 
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We compored the ability of the excitotoxins glutamate, NMDA, kainate as weil as the Na' 
channel opener veratridine to influence cell vi ability in the cultured cortical neurons. All 
agents were added to the the 96-well plates which were then incubated overnight before 
detennining the I1llmber of living cells \Vith the MIT assay. All four agents caused reductions 
in the number of living cells. The table shows the conentrations required to inhibit cell 
viability by 50% (EC,,). Results are the l1lean of at least four different preparations. 

Neurotoxin EC" 95% Confidence 
(~mollL) intervals 

glutamate 1.25 0.67 - 1.83 

NMDA 10.90 6.97 - 14.84 

kainate 21.07 12.15 - 29.98 

veratridine 1.47 0.36 - 2.59 

We detemüned the effects of subjecting primary cultures of cortical neurons to 
hypoxialhypoglycaemia on cell viability as measured by the MIT assay and glutamate release 
as measured by HPLC. Fig. 4 shows a typical HPLC separation of glutamate and aspartate . 
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Fig. 4. Typical separation of a standard mixlure of aspartate and glutamate. A nucleosil100 C18 (60 x 4 rnm Iod.) column 
mied wilh material of pore size 5 IJm was used In assoclatlon with a guard coIumn of same material (10 x 4 mm I.d.). The mobile 
phase conslsled of two parts: methanol and 0.1 molJL sodium acetale adjusted 10 a pH of 6.94 wilh glacial acetic acid combined 
wlth 3.75% methanol and 1.5% Uchrosol~ quality lelrohydrofurane (THF). The sodium acetate·methanol·THF mixture was 
pumped al a flo'N rate of 1.2 mUmln for 6 min 10 separate glutamate and aspartate. The oolumn was subsequenUy perfused 
wlth methanol al a flow rate of 1.2 mUmin for 2 mln 10 wash the remalnlng amino acids out befere allowing Ihe coIumn 10 
equIlibrate agaln with the sodium acetate·methanol-THF mIxture fer a further 2 mln ready fer the nexllnJeetion. Glulamate was 
denvatized fer 1 minute wllh OPA In an aqueous solution of bone acid buffer and 2-mercaploelhanol. 
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Subjecting the neurons to hypoxiaJhypoglycaemia caused neuronal death and glutamate 
release. The extent ofneurotoxicity and the amount of glutamate released depended on the 
length ofhypoxiaJhypoglycaemia (Fig. 5). However, extensive toxicity appeared to occur 
before large amounts of glutamate had been released. 
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Fig. 5. Tho effecls subjecUng cortlcal cell cuttures 10 different duraUons of hypoglycaemlaRlypoxla Oll cell vlabllily and 
glutamate release. Tho teils were malntalned in OPBS whllsl subJecting lhem 10 hypoxiaJhypogtycaemla by bubbling an aliquot 
of 30 ml cf glucose·free OPBS with 95% N2!'5% COl fOf 10 mlnutes al 37'e. Each cf the 96 walls recelved 50 IJL of thl~ buffer. 
Tho 96-weU plate was placed In agas-Impermeable chamber (rom Bl1lups·Rothenberg (DeI Mar, California) and Incubated al 
37·e In an oxygen·free almosphere. Tho duration cf lhe hypoxlalhypoglycaemla treatment verlad (rom 30 10 120 mlnutes after 
whleh time lhe buffer was replaced with Neurobasalo medium and the number of livlng neurons quanlifled 24 h later with an 
MTTlesl. 

DisclIssiolJ 

Cultures of primary cortieal neurons were prepared from embryonie rat brains and cultured in 
B27/Neurobasal~ medium which had been previously conditioned by incubating with 
confluent cultures of astrocytes derived from newbom rat brains. rhe neurons remaitled viable 
for up to 3- 4 weeks in eulture. Originally methods were devloped for culturing primary 
neurons in sennn-containing medium for up to 3 weeks (Banker and Cowan. 1977; Banker 
and Cowan. 1979). Later, these techniques were refined by replacing serum either with a 
defined synthetic supplement (Bo«enstein and Sato, (979) or with a medium condilioned by 
con!luent cultures of aSlrocytes (Stichel and Müller, 1991). However in our hands, such 
preparations were not reprodueible enough to test the effeets of neuroproteetive compounds. 
We therefore tried using other defincd artificial supplements such as B27JNeurbasal~, but 
found them also 10 inadequate on their own. We achieved the mosl stablc and reliable cortical 
cell culrures when we combined both B27JNeurobasal~ and astrocyte condilioning. Indeed, 
we strongly reconunend this method for eulturing primary cortieal neurons. 

We have applied a method usually lIsed to measure cell proliferation for assessing neuron 
viability in eulture. This method uses a tetrazolillm salt and is based on the principle that a 
membrane penneable pale yellow dye is converted to a blue insoluble salt by Ihe aclion of 
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lactate dehydrogenase enzymes in living cells (Mosmann, 1983). We were able to show that 
thc number of living neurons correlated directly with the signal aver a broad range. Moreover, 
we wcre also able to demonstrate that the results obtained with the tetrazoJium assay agreed 
weil with the fesults obtained with another mcthod of measuring cell death, namely the 
measurement of lactate dehydrogenase released extracellularly (Nachlas et al., 1960). We 
prefer to use the terazolium assay because it less time consuming and more reproduciblc. 

We investigated the cffccts ofthree different excitaory amino acids and an agent whieh opens 
voltage-dependent Na + chamlcls. All of these agent induced rapid cell death in our hands. 
Interestingly, the ECso values dctcnnined for these agents were considerably Iower than values 
oblained by olher groups using mixed glia-cortical neurons cullures. For example, Choi el al. 
(1987) reported an EC" value for glulamale belween 50-100 ~l11ollL, whereas we oblained 
an ECso value of 1.25 ~mollL. This difference may be caused by an increased sensitivity of 
neurons to glutamate whell g:rown in the absence of direct contact with glial ceIls, or perhaps 
because glial cells in mixed cullures are able 10 lake up glulamate before il becomes loxic for 
the neurons. 

We also app1ied a sensitive HPLC method far measuring the concentration of glutamate in the 
medium. Using this method. we were able to show that subjecting our neuronal culhlres to 
oxygen-glucose deprivation for different lengths of time caused glutamate release into the 
medium. This was associated with a parallel increase in cell death which was also dependent 
on Ihe lenglh of oxygen-glucose deprivalion. The effecls of hypoxia or oxygen-glucose 
deprivation have becn previously studied in mixed neuronal-glial cultures (Goldberg cl al., 
1987; Goldberg and Choi, 1993; Kaku el al, 1991). This is Ihe firsl time Ihal Ihis melhod has 
been applied 10 sludying such effecls in pure serum-free cullures of cortical cullures. 
Interestingly, the time reqnired to eanse maximum eell death in the mixed neuronal-glia 
cullures was aboul 60 min (Goldberg and Choi, 1993; Kaku el al.,1991), whereas we needed 
almost 120 min to eause maximum eell death in Dur pure serum-free cortieal euItures. rhe 
reason for this discrepaney is not elear. 

In sunmlary, the results of this study show tImt we have developed a sensitive assay based on 
serum-frec eultures of eortical neurons from rats which call now be applied to detennining the 
neuroprotective effects of different compounds in strake research. 
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Advanced Cell CuIture Based Techniques for the 

Investigation of Neuroprotective Compounds: 

Electrophysiological Investigations of the Effects of 

Excitotoxic Challenges, As weIl as Cl'yopresel'vation of 

Pl'imary CuItul'ed COl'tical Neurons Help to Reduce the 

Number of Animals as Tissue Donol's 

Thomas Weiser, Dept. of CNS Research, Boehringer Ingelheim, 

Germany 

Ischaemic stroke of the brain is one of the main causes of death and disability in the 

industriaIizcd countries. The developmcnt of compounds which reduce the damages aller 

ischaemic insults is therefore a research target of many phannaceutical companies, as weIl as 

academic institut ions. 

Stroke is in most of the cases induced by the occlusion of a cerebral blood vessel, leading to 

the death of neurons in a limited part of the brain. In an avalanche-Jike process, the damage 

spreads from this foeus into neighboured brain regions. Glutamate Bnd ather excitatory amino 

acids playa crucial role for the progression of the injury. The investigation of the effects of 

excitatory amino acids in vivo has yielded important results about ischaemic disorders (for 

review: Meldrum and Garthwaite, 1990). On the other hand, such experimental techniques put 

severe stress on the 3llimals. Ta circumvent this problem, and to investigate the mechanism of 

excitotoxicity in a better defined envirolUnent, cell cullure based models have been developed 

(e. g. Choi et al., 1987). These assays can be lIsed for the screening and characterization of 

putative neuroprotective compounds. There is HO doubt that such in vitro models can be 

extremely usefu1 for mechanistic investigalions, and that many anima1 experiments can be 

avoided by the employment of sophisticated cell clllture models. The effectivity of e. g. 
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antagonists of glutamate receptors of the N-methyl-D-aspartate (NMDA) subtype in reducing 

damages in neuronal cultures after excitotoxic challenges are highly predictive far their 

effects ill vivo (for example in animal models of focal ischemia, Gill et al., 1991). 

On the other hand, even for these i1/ vitro models animals have to be sacrificed, siuce neurons 

are post-mitotie and therefore only primary neuronal cell cultures cau be used, Other cell lines 

like e.g. P19 ceIls, gave inconsisting results conceming their responses to excitotoxic 

challenges and cannot be applied for the testing of putative neuroprotective principles. Thus, 

up to now primary cultured neuronal cultures cannat be replaced by other cell culture models. 

My aim within this joint project was to further reduce the I1umber of animals which have to be 

sacrificed for cell cullure based assays. For this pUll'ose, I developed a method for the testing 

of anti-excitotoxic compounds whieh needs onIy a very small number of neurons to be 

studied. In a second approach I increased the effectivity ofthe cell culture by cryopreservation 

of unused neuronal cells. Bath approaches are now standard procedures in my laboratary and 

helped to reduce the number of animals which have to be sacrificed for the investigation of 

neuroprotective compounds. 

1. Functional Investigations of the Effects of Excitotoxic Challenges on 

Eleetrophysiological Properties of Primary Cultured Rat Cortical Neurons 

The first approach to reduce the number of animals used for the preparation of neuronal 

culhnes is the development of functional assays, which consume only a very small mlmber of 

neurons to test the effects of putative neuroprotective compounds. Here, I made use of certaitl 

specific changes in thc electrophysiological properties of cortical cell cultures after 

excitotoxic challenges. 

1.1 Material and Methods 

A neuron~glia cell suspension was established from dissociated embryonic rat cortical cells. 

Cortex tissue was isoJated from the brains ofWistar rat fehlses (18d gestation). Cortices were 

collected in 50 ml of Dulbecco's modified eagles medium with 4.5 glml glucose (DMEM) 

and centrifuged for 5 min (440 g). The DMEM was decallted and 5 ml trypsin-EDTA solution 

(0.05%, Boehringer Mallnheim, Genl1any) were added. After 7 min incubation at 370 C the 

trypsin solution was carefully removed and 15 ml DMEM with 10% fetal calf semm (FCS, 

Boehringer Mannheim, Gennany) were added to stop the enzyme digestion. Cortices were 
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carefully shaken, and again cenlrifuged (5 min, 440 g). The supernalanl was discarded, and 

Ihe cortices were resuspended in 2-3 ml DMEM. The lissue was homogenised wilh aseries of 

4 Pasleur pipettes wilh increasingly smaller lip diameIers (4-10 slrokes per Iriluralion sIeps). 

Cells were eounled and broughl 10 a densily of 2xlO7 eells/ml wilh serum-based medium or 

DMEM. Cells were now seeded on glass cover slips whieh had previously been eoaled wilh 

poly-L-Iysinllaminin al a densily of 1.3x105 eells/cm2 in 24-well eell culture plales. The 

feeding medium (2 mUwell) was changed twiee weekly. After 3 days ill vitro, 5 ~M of Ihe 

milosis inhibilor cytosine-arabinofuranoside (SIGMA, Deisenhofen, Germany) was added for 

four days to suppress the growth cf nOIl-neuronal ceIls. Cells were culhlred in astroeyte­

conditioned medium (ACM; see eonlribution by Bartmatm-Lindhohn and Carter). 

Embryonie rat eortieal neurons were exposed 10 I 00 ~IM glulamale, or I 00 ~M glutamale and 

a given test compound for 20 h. After this treatment, cultures were kept in standard cell 

eulture medium and eleelrophysiologieally investigaled 24 h after the onsel of the treatment. 

Electl'ophysiology 

Reeordings were made in the whole-eell configuralion aecording 10 standard paleh-clamp 

leelmiques (Hamill el al., 1981) with EPC7 or EPC9 amplifiers (HEKA, Lambreehl, 

Gennany). The reeording pipettes were made from borosilieate glass (Hilgenberg, Malsfeld, 

Gennany) and had resistanees of 3 to 5 MOlulI. The pipette solution ("KFI ") eonsisted of 

(mM): KF 110, KCI 40, MgCI2 I, BAPTA 0.1, HEPES 10, ATP I, pH 7.2. In some 

experiments, potassium was replaced by cesium and tetraethyl-ammonium to suppress 

voltage-dependenl potassium eUrTenls (medium: "CsFI "). The exlraeellular medium ("R2") 

eonsisted of (mM): NaCI 140, KCL 5.3, CaCI2 1.8, MgCI2 0.8, glucose 21.5, HEPES 10, 

pH 7.4. 

Cells were elamped to a holding potential of -60 or -80 mV, and a voltage step protoeol (nine 

depolarizing voltage jumps, 10m V inerement, 50 ms dural ion) was applied. For the 

measuremenl of Ihe eell capacity Ihe read-out of Ihe eompensalOlY eircuitry of Ihe palch­

clamp amplifier was used. The steady-state potassium outward current and the peak sodium 

inward current at thc ninth voltage jump was allalyzed. 
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Fig.l 

Electrophysiological Illvestigations of the 
Effccts of Nellroprotectivc Compolillds 

Test Procedure 

cstablish cultures from embryonie rat cortex 

'" grow cells for appr. two wecks 

'" inClIbate cells for 20h wilh 100 JlM glutamate in the absence or 
presencc Ofp\113live ncuroprotectanls 

'" investigate the elettrical parameters oflhe cells in glutamate- and 
lesl-compound frce media 

'" perform quantitative analysis oflhe test paramaters 

'" RESULTS 

Selleme ofille lesl proeedure for Ille illvesligalioll ofille effeels of e.~citoloxie c/mflellges Oll 

efeefrieat parameters 0/ cu{tllred rat eorlica/neurolls. Details are described in file text. 

1. 2 Rcsllits 

In previous investigations it had tumed out that the exposure of cortical cell cultures to 

glutamatergic agonists for 20 h selectively reduced the amplitude of voltage-activated sodium 

currents, as weil as the membrane capacity, in primary cultured cortical neurons. No 

significant effects on potassium outward currents 'or tbe resting membrane potential could be 

observed. I now tested whether putative neuroprotective compounds were able to counteract 

these effects. The compounds tested were e. g. two non-competitive NMDA antagonists (MK 

801, BIll 277), a competitive antagonist of (S)-a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA)-type glutamate receptors (2,3-dihydro-6-nitro-7-slllfamoyl­

benz(F)qllinoxaline, NBQX), ablocker of voltage-activated sodium channels (TTX), and a 

broad-spectmm inhibitor of voltage-activated calcium chalmels (methoxy-verapamil~D600) . 

All of these principles have been discussed to be neuroprotective ill vivo. The results were as 

folIows: MK 801 and BIll 277 (at I ~IM) completely prevented the glutamate-induced 

reduction ofvoltage-activated sodium currents. The same was the case for D600 (at 100 ~M), 

whereas NBQX and TTX (at I ~IM each) could not prevent the attenuation of sodium 

currents. These results are in line with those obtained with other cell culture-based assays (see 
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e. g. the contribution by Barlmann-Lindhohn and earler). However, the cell numbers IIsed for 

the experiments were rat her smalI. compared to those needed for biochemical assays. For 

statistically significant determinations, about 15 to 30 cells per treatment group (control, 

100 flM glutamate, 100 flM glutamate plus test compound) had to be investigated. Therefore, 

this method nses neuronal cell cultures very economically. 

Fig.2 

• 

K+steady-stateanezt 

f---<" nmlr.!repc<a<ial 

'---< .. <ell cap:rily 

Eleclrophysiological parameters luvest/ga/ed after incubatlon 0/ jJ,'imary cllltw'ed eortlcal 

neurOIlS ill sollltiolls cOIl/allling 100 11M glutamate ",itll 01' ",itllolll a givell test compotllld. 

Cells were voltage~clalllped /0 a membrane pofelltial o[ ~60 01' ~80 mV, aud 9 depo[arlZ;lIg 

voltage sleps (50 IIIS tfllralioll, 10 111 V Illerelllelll) lVere applietf 10 Illvesligale Ille effeels 0/ 

,he fI'eafmellt Oll SOtlilllll imvard a"d potassillm olt/ward currcllfs. /11 addition, 'he cell's 

res/lug membrane potelltial alld cell capacity were delermilted. 
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Fig.3 
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ResII/ts from a typical experiment pelformed accordillg 10 figures 1 aud 2. Ce/ls were 

treated .. ith ei/her 100 11M gilltamate (GLU), 01' 100 pM gilltamate pills 1 pM MK801 

(GLU+M) [01' 20 h alltl compared to II/Ilreated cOlltrols (CON). The gilltamate treatmellt 

I'educed fhe membraue capacity (B), as weil as 'he sodiulII peak Clll'J'ellt (C), whereas 

I'estillg membrane potential (A) flud potassiulJI ouhvard ClIl'rellts (D) wel'e 01lly 

illsigllijicalltly a[[ected. Coapplicatioll o[ the 1I01l-competitive NMDA a/llagollist MK801 

c01mteracted (!te el/eels ofthe glutamate treatment. N=15-23 per gI'OUP, i/afa ure given ± 
SEM. 

2. Cryopreservatiou ofPrimary Cultured Rat Cortical Neurons 

Primary rat cortical cell cultures are nomlaly prepared from embryonie tissue. A pregnant rat 

bears aboul 10-14 embryos, and well-lrained cell cullure persOJmel can prepare high numbers 

of cortical neurons from Ihis high number of organ donors. For my eleclrophysiological 

investigalions neurons are cultured ou glass coverslips al a density of 130000 cells/cm2. 

Given a number of 107 neurons per embryonal cortex, Iheorelically appr. 40 coverslips can 

be prepared from one embryo (Iherefore appr. 500 from one pregnanl ral). These cells have 

onlya Iimiled Iifelime and can be used from day 11 10 day 28 ill vitro. Thus, nomlally much 

more cells are prepared than a smalliaboratory with a few electrophysiological setups can use 

up. The consequence is Ihal a high fraction of Ihe cells are wasled. It wOllld be therefore 
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useful to have a method available which aHows to store the cell cultures for later \lse. I 

followed this approach and developed a cryopreservation method which allows to store 

neuronal cell suspensions in liquid nitrogen for a theoretical1y unlimited time, and to take 

them in culture with a high yield of surviving neurons. Many parameters were optimized for 

the method which is described in the following section. Thorough functional tests 

demonstrated that these cryopreserved neurons have highly comparable properties, compared 

to their unpreserved counterparts. 

2.1 Materialaud Metbods: 

Cell Cnlture 

The culture of embryonic rat cortical neurons was done as described above. Variolls feeding 

media were used, name!y: serum-based medium (DMEM with 10% FCS, 10% horse serum, 2 

mM glutamine), astrocyte-conditioned medium (ACM; see contribution by BartmalUl­

Lindholm and Carter), or ACM supplemented with 2% B27 (Gibco, Eggenstein, Gennany). 

Cryopreservatioll Procedure 

For preservillg the cortical cell suspensions, the following changes to the standard cell culture 

procedure were illtroduced: Five ml of the cell suspension (density: 2xl07 cells/ml) were 

added to a mixtme of I ml FCS, 0.8 ml DMSO, and 3.2 ml mcthyl-cellulose (Sigma, 

Deisenhofen, GennallY; 4000 centipoise; 0.3% w/v) in DMEM. Thus, the final concentrations 

were Ixl07 cells in 10% (viv) FCS, 8% (viv) DMSO, and 0.1% (w/v) methyl-cellulose. One 

m! aliquots of the suspensions were fil1ed into cryovials, put into a cryocontainer (Nalgene, 

Wiesbaden, Germany), frozen down ovemight at -SooC, and stored in liquid nitrogen. 

After periods ofup to 12 months, frozen cell suspensions were plazed into a 370C waterbath 

aud removed immediately upon thawing. Cells were diluted in feeding medium to get a final 

density of 1.3xlOS cells/cm2 and seeded on glass coverslips in 24-well cell culture plates. In 

some eases, cells were first centrifuged in SO m1 feeding medium alld resuspended to remove 

the cryoprotectants (DMSO and methyl-cellulose). Various feeding media were used (serum­

based, ACM, ACM+B27; see above). 

Quantification of Cen Ylelds 
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For estimating the number of surviving neurons with and without different cryopreservation 

prolocols, micropholographs of arbilrarily chosen regions (0.345 mm2 each) of Ihe cultme 

dishes were taken after four days in vitro. The Jltlmber of neurons per photograph was counted 

in a blinded manner. AI leasl eighl pholographs per Irealmenl group were analysed. 

E1eclropllysiology 

Recordings were made in Ihe whole-cell configuration according 10 slandard palch-c1amp 

leclmiques (Hamill el al., 1981) wilh EPC7 or EPC9 amplifiers (HEKA, Lambrechl, 

Gennany) as described above. The pipette solution tlKFl n or tlCsFl tI were used. The 

exlracellular medium ("R2") consisled of (mM): NaCI 140, KCL 5.3, CaCI2 1.8, MgCI2 0.8, 

glucose 21.5, HEPES 10, pH 7.4. 

Ligands of Iransmitter-aclivaled ion chalmels were applied using Ihe following 

concenlralions: N-methyl-D-aspartale (NMDA): 300 J.lM, kainic acid: 300 J.lM, gamma­

amino-butyric acid (GABA): 30 J.lM. Media for Ihe invesligation of Iigand-aclivaled ion 

chalUlels conlained 300 nM le!rodoloxin (TTX) 10 snppress voltage-aclivaled sodium 

channels. When NMDA was applied, 5 J.lM glycine were added 10 Ihe exlracellular medium, 

calcium was reduced to 0.1 mM, and magnesium was omitted. Dmg solutions were applied 

using a gravily-driven applicalion syslem, which allowed 10 change Ihe exlracellular medium 

surrollllding Ihe cell under study within20-30 ms (Weiser and Wienrich, 1996). 

Ifnot otherwise stated, data are given as means:tSEM. 

2.2 ResuUs 

Cell Yield 

Oue cmcial issue concerning the cryopreservation of post~mitotic cells is the cell yield after 

the preservation process. In the course of the optimization of this method, the influences of 

many parameters on the survival rate OftlCUrons were tested (e. g. amount ofDMSO, glucose, 

or methyl~cellulose in the freezing medium; use of tissue blocks versus cell suspensions; 

differenl freezing prolocols; differenl Ihawing media, eie.). In unfrozen conlrols (cullured in 

ACM+B27) Ihe neuronal densily was 5887°2:2842 neurons/cm2; compared 10 Ihe seeding 

densily of 1.3x105 cells/cm2 Ihis amounls 10 452:2.2 %. This comes close 10 Ihe maximum 

yield ofneurons in a cell culture preparalion (McManus and Brewer, 1997). No a!templs were 
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made to discriminate between neuronal and non·neuronal ceHs during the cell eulhne process, 

thus one catl estimate a relativelly high percentage of Ilon·neuronal cells in the preparatioll. 

In previous experiments the freezing medium was optimized (see materials and methods). I 

now investigated whether the media for thawing alld subsequent feeding had an effect on the 

number of surviving neurons. 

The lughest yield was obtained with ACM+B27 (48.3±1.5%), compared to the unfrozen 

controls. In senlln-based medium only 19.7±4.6 ofthe neurons survived. Thus, ACM+B27 is 

tlOW used as standard thawing and feeding medium for the cryopreserved neurons. What is the 

reason for these improved properties of ACM+B27? In my observations it tumed out that glial 

eells are relativelly sensitive for the eryopreservation proeedure. On the other hand, in sentm· 

fed eultures neuronal survivial is eritieally dependent on the presenee of vital astrocytes. 

Possibly, the low yield of cryopreserved neurons in serum-based medium is duc to the fact 

that only a small number of glial cells survive the treatment, leading to increased mortality in 

the neuronal population. In contrast, ACM+B27 suppresses the growth of glial cells, but on 

the other hand provides all the glial factor which are neccessary for promoting neuronal 

survival. 

Table 1 

Effects of different combinations of freezinglthawing media on the sUlvival of 
cryopreservered cell suspensions prepared ftom embryonic rat cortex. 

Freezing Medium Thawing Medium Cells/cm2 % of control 

Unpreserved controls 58809+2840 100 

DMEM, 10% FCS, serum-based 11014+2318 19+3 .9 
8%DMSO 

DMEM, 10% FCS, ACMlB27 28405+869 48+ 1.5 
8%DMSO 

DMEM, 10% FCS, semm·based 7246+860 12+ 1.4 
8%DMSO, 
0.1 % methyl-cellulose 

DMEM, 10% FCS, ACMlB27 11594+2724 20+4.6 

29 



1
8%DMSO 
0.1 % methyl-cellulose 

Electrophysiological Characterization 

Cryopreserved neurons and their sister culhlres of comparable ages ill vitro were investigated 

conceming the following parameters: Resting membrane potential) cell capacity, maximum 

sodium inward current, m~ximum potassium outward current, neurotransmitter-activated 

currents (in response to pulse applications of kainic acid, NMDA, and GABA). None of these 

parameters was statistically <:lifferent between unpreserved neurons and neuronal preparations, 

which had been cryopreserved for up to oue year. Thus, cryopreserved neurons ean be 

postulated to behave comparable to unfrozen cultures in electrophysiological test assays. 

3. Discilssion and COllclnsious 

111 vitra methods for tesling the effects of putative neuroprotective cOIupounds have been 

shown to be very usefnl surrogates for ill vivo experiments. The aim of my contribution was to 

furt her reduce the number of allimals which have to be sacrificed far the preparation of 

neuronal cell cultures. 

My first approach to reduce the mlmber of animals for the tissue culture was to develop 

techniques which need only small numbers of cells for a given experiment. This approach is 

described in the second part ofthis chapter. The down-regulation of neuronal sodium channels 

in response to excitotoxic challenges tumed out to be a sensitive read-out for the effects of 

putative neuroprotective compounds. The question remains, wruch effects on the cellular level 

tmderlie the down-regulation of neuronal sodium chamlels by excitotoxic challenges. Li ct al. 

(1993) have shown that the amplitudes of CUITents flowing through voltage-activated sodium 

channels·are reduced by activating protein kinase C (PKC). O'Reilly et al. (1997) reported 

that oxygen deprivation can reduce sodium currents in hippocampal neurons via this 

mechanism. On the other hand, Hara et al. (1997) report a down-regulation of PKC in the 
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brains of mice after Iransient occlusion of the medial artery. Thus, more experiments are 

neeeessary to c1arify these findings. 

AllOther possible explanation might be that sodium ehannels are intemalized by neurons in 

response 10 Ihe inerease of intracellular sodium concenlrations (Dargent snd Couroud, 1990; 

Paillar el a1., 1996). Sodium concentrations have been reported 10 increase in response to 

glutamate challenges (up to 60 mM; Kiedrowski et a1., 1994). Thus, the active intemalization 

of sodium chalmels might be the reason for the effeets reported in this study. 

Irrespective oflhe under1ying mechanism, Ihis method efficent1y saves neuronal tissue for Ihe 

investigations. Given a number of 100 eells per experiment, I leave the ea!culation to the 

reader how many experiments theoretically eould be perfonned from the 107 neurons of an 

embryo' s cortex. Thus, this method and cryopreservation techniques of embryonie neurons 

givc a powerfult combination ofmetllods to reduce the mlmber of animals 10 be sacrificed for 

ill vitro investigations of ncuroprotcctive compounds, 

The other approach fol1owed the idea to inerease the useful number of cultured neurons by the 

application of cryopreservation techniqlles, Some researchers reported findings about thc 

eryopreservation of neuronal tissue for cell eultures (e. g. Sucher ct a1., 1991; Petite and 

Calvet, 1995, 1997;) or grans for transplantation (Sautter et a1., 1996; Yoshimoto et a1., 1993). 

Nevertheless, figures deseribing the cell yield are sparse. Here, I deseribed a method for the 

effeetive cryopreservation of embryonie eortical neurons. The eell yield is high (about 50% of 

the neurons survive the treatment), and in the applied funetional assays these cel1s werc 

indistinguishable from their unfrozen coullterparts. This method is now established as a 

standard teclmique in my cell cliiture laboratory: Cel1s, which arc not used fer "fresh" 

neuronal cultures alld which nonnally would be disearded are now preserved for future lIse. 

rhlls, no embryonie brain tisslle is wasted. In the long runJ this method can be calculated to 

reduce the number of animals to be sacrificed as tissue donors by 50 to 75%. 
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S 1/ /11 /IIa ry 

Over the past ten years experimental evidences have been made to c1arify the understanding of 

the basic pathophysiological mechanism in excitotoxic and hypoxic-ischemic evoked neuronal 

cell injury. The neurotransmitter glutamate is becoming accepted as an important mediator of 

hypoxiclischemic brain damage. Little information is available Oll the role of proton and 

sodium ion balance and the direct disturbance of the energy metabolism in excitotoxic brain 

injury. Spccific glutamate receptor antagonists are one of the rceent pharmcologic strategies 

for reducing hypoxiclischemic neuronal damage. However, the estabJished methods to 

demonstrate the nellroprotecti ve potency of drugs still use in vivo animal tests ( e.g. MCAO­

model). The objective of the present study, therefore, was to develop ;11 vitro screening 

systems based on neuronal cell cultures, to reduce animal tests in preclinical d11lg screening to 

aminimum. The il1 vitro tests focused on i) an excitotoxicity assay with high throughput 

screening capacity bascd on a fluorescence multiweIl reader and ii) digitized fluorescent 

imaging of individual neurons, with rcspect to their intraecllular ion dynamics and changes in 

mitochondrial membrane potential as predictive markers of neurotoxicity. Neurotoxic 

concentrations of glutamic acid induced a rapid and irreversible increase of the intracellular 

calcium concentration wh ich was accompanied by a transient aeidic shift of the intracellular 

pH, and followed by an intracellular alkalinisation in cultured murine cortical neurons. In 

addition, glutamate triggered a continuolls increase in intracellular sodium and destroyed 

mitochondrial membrane potential. The loss of rhodamine-123 fluorescence highly correlated 

with the ongoing neuronal cell death and was shown to be a suitable parameter to determine 

the neuroprotective action of phannaceutical compounds. However, among the 

pharmacological compounds tested only the non-competetive NMDA-receptor antagonist 
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MK-801 was faund to preserve neuronal viability by improving mitochondrial membrane 

potential and normalizing intracellular ion homeostasis. We also developed a new assay 

system, wh ich allows the Illultiparametric monitoring of intracellular and extracellular 

parameters associated with strake in a rcfined model of "in vitro ischemia". This model makes 

use of a sealed temperature controlIed eh amber plaeed on a microscape stage to miInic 

defined anaerobic/ischemic conditions. The following modifications have been made to the 

ehamber to facilitate routine ischemia experiments: oxygen and pH sensors are used to 

monitor oxygen concentration and extracellular pH value in the eh amber solution. The 

eleetrodes are mounted on top of the chamber and placcd directly above the cells. An optical 

window allows the video contra! of cells with phase contrast und f1uorescence aptics during 

the entire experiment. Thc following parameters were used to asses neuronal cell death: i) 

microscopic observation by phase contrast microscopy, ii) vital dye exelusion/-uptake with 

trypan blue 01' propidium iodate, iii) intracellular changes of calcium, proton or sodium 

concentrations, iv) changes of mitochondrial membrane potential. We anticipate that the 

described ill vitro assays can be used to predict neuronal death during hypoxialischemia 

related insults and to further characterize the Ileuroprotective effect of drugs as a supplement 

for currently llsed animal tests and hence reduce the number of laboratory animals. 

Abbreviatiolls 
lS,3R-ACPD: IS,3R-aminocyclopentane-I,3-dicarboxylic acid; AMPA: (-amino+ 

hydroxy-5-methyl-4-isoxazole propionic acid; BCECF: 2',7'-bis-(Carboxyethyl)-3(6')­

carboxyfluorescein; ßSA: bovine serum albumine; CNQX: 6~cyano-7~nitroquinoxaline~ 

2,3-dione; DABCO: diazobicyclooctane DAPI: 4',S-diamidino-2-phenylindole­

dihydrochlorid; DIV: day in vitro; DMSO: dimethyl suflfoxide; FlTC: fluorescein 

Isothiocyanate; HBSS: Hepes buffered salt solution; HEPES: N-(2-

hydroxyethyl)piperazine-N'(2-ethanesulfonic acid); MEM: Minimal essential medium; 

LDH: lactate dehydrogenase, L-NAME: N(G)-nitro-L-arginine methyl ester; MK-801: 

(5R,1 OS)-( + )-5methyl-1 0, Il-dihydro-5H-dibenzo[a,d]cyclohepten-5, 10-iminc; NBQX: 

6-Nitro-7-sulphamyl-benzo[flquinoxaline-2,4.dione; NMDA: N-methyl-D-aspartate; 

PBS: phosphate buffered saline; PI: propidium iodide; rhd-123: rhodamine-123; RT: 

room temperature; Tris: tris(hydroxymethyl)aminomethane; TTX: tetrodotoxin; U-

83836E: (-)2-( (2,6-di-I-pyrrolidinyl-4-pyrimidyl)-1-piperazinyl)methyl)-3 ,4-dihydro-

2,5,7 ,8-tetramethyl-2H -l-benzopyran -6-ol-dihydrochloridc 
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IIII/'oductioll 

CUlTcntly used nnillllli tests for stroke. Substantial cfforts are being made by 

phannaccutical industries 10 devetop dmgs wh ich will prolect thc brain from 

neurodegeneratioll tllat follows a variety of diseases, Strake is the third Jeading cause of 

mOftalily and a major cause of lang-lasting physical disability. Because neither strokc nor 

other severe ncuropathological conditions can presently be treated effectively, causative 

therapies 10 reduce l110rtality and 10 improve neurological outcome are eagerly needed 10 

ameliorate thc medieal, social and ecollomical consequences of strake. These efforts !lOW 

conccnlrate on the development of dmgs wh ich are neuroproteclivc, that is dmgs which can 

be given 10 minimizc the neuronal damage or increase the neuronal outcome in patients after 

stroke. 

Experiments in phannacology are lI sually dependent on (he lIse of animals, which is 

accompanied by ethical problems and HHle public acceptance. A key factor in this process has 

been the devclopment of various animal tests that mimic the neuropathological consequences 

of stroke. The occlusion of an intracranial netery, usually the proximal middle cerebral artery 

(MCAO-test), is widely used to produce focal ischemia in animals, mainly rodents (McAuley, 

1995). Beside eausing substantial stress, pain and anxiety to the animals these in vivo 

bioassays suffer from several problems mostly arising from their inter- and intra-assay 

variability. Almost sixty rats are needed to test the effeet of olle drug with Ihe appropriatc 

certainty after statistical evaluation, making the ill vivo assay labor-intensive and expensive. 

However, although olle of the major advances of stroke research has been the development of 

reproducible techniques for the induction of focal or global ischcmia in animals, the fact 

remains tllat there is a substantial number of variants of those in vivo bioassays (Fox et al., 

1993). The drug screening pharmacologist is therefore f.ced with • variety of test systems, 

none of which is known to be of predietive value. The reason for this is that, at present, 110 

dmg has beeil shown to have any neuroprotective effeet following stroke in humans. 

Therefore, at present, there is no way of knowing if activity in any animal tests predicis 

efficacy. Thus, the development of experimental strategies that improves the specificity of the 

assay and saves animal is achallenge. A probable solution to these probtems ean be an in vitro 

neuronal cell culture system, which allows the monitoring of pharmaceutical effeets in an 

animal-saving and organ-specifie manner (Oberpichter-Schwenk and Krieg1stein, 1994). 

Another advantage of the ill vitro test, beside saving of time, eosts and the number of animals 

lIsed is the ability to control and to detennine the experimental parameters in a wider range 

than in the whole anima!. Furthermore, olle can argue, that, on the basis of our improved 

understanding of the pathocellular mechanisms of neuronal eell death. the indieation of this 
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potential may be obtained equally weil in animal or in ;n vitra tests, and, in these cases, the 

use of animals cannot be justified in an early state of dnlg development. 

Calcium anel neuronal cell death. There is a growing body of evidence that the calcium ion 

can playa critical role in cell ki1ling. Since ffee intracellular calcium is arguably the most 

important ion regulating Illunerous cellulnr functions, it is not surprising that dismption of 

intracellulnr calcium homeostasis is frequently associated with early cell injury, This led to the 

formulation of the "calcium hypothesis" of cell death, proposing that imbalances in calcium 

regulation and perturbation of calcium homeostasis may be a final common step in the 

development of cytotoxicity (Orrenius and Nicotera, 1994). The key role of calcium in cell 

death is particularly evident in the central nervous system. In neurons principle routes of 

calcium entry are the voltage sensitive (VSCC) and excitatory amino acid (EAA)-linked 

receptor operated (ROCC) calcium channels (Meyer, 1989). Glutamate is the most abundant 

of several endogenous EAA~s and now has become widely acceptcd as the principal 

neurotransmitter in the brain, 1ts interaction with specific ll1embran~ receptors is responsible 

for many neurologie functions including cognition, memory, synaptic plasticity and 

movement. Systemic administration of glutamate to animals of various species caused aClIte 

degeneration of neurons (Olney, 1969). From this and related observations the excitotoxicity 

concept was proposed by Olney (Olney, 1974; Rothman and Olney, 1986). EAA-mediated 

toxicity is specific in its characteristic that neuronal cell bodies and dendrites are 

predominantly affected whereas axons are spared, and timt distinct neuronal population differ 

in their vulnerability. Activation of these receptors leads to the opening of their associated ion 

channels, which are typified by their different permeability's to Na+, K+, and Ca2+. What do we 

know about the pattern of injury mediated by excessive exposure to glutamate? Briefly, it can 

be sllbdivided into an acute swelling and delayed cell degeneration. The first component of 

glutamate receptor-mediated toxicity includes neuronal swelling caused by Na+ influx through 

ligand- and voltage~gated ion channels accompanied by passive cr and water influx 

(Rothman and Olney, 1986; Melzian et al , 1995). However, delayed cell degeneration, the 

second and dominant component of glutamate~mediated neurotoxicity lcading to cell death, is 

highly dependcnt on the presence of extracellular Ca2+ and calcium inflllx through NMDA 

receptors. Although excessive intracelllliar calcium concentration may contribute to aseries of 

cytodestmctive processes, calcium alone may not be sufficient 10 trigger these neurotoxic 

events. NM DA receptor antagonists and the absence of extracellular calcium have been shown 

to protect neurons in various cell culture models. Furthermore, intracellular calcium chelating 

agents like BAPTA and related compounds are neuroprotective in models of ischemia ;n v;vo 
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and in vitra (Tymianski et al, 1993c). Much less is knowl1, however, about the biochemical 

processes by which the calcium overload causes neuronal cell death. An increase in 

intracellular calcium can activate degradative enzymes, such as proteases. endonucleases, 

phospholipases or other enzymes Iike nitric oxid synthase, thereby contributing to the 

excitotoxic ~rocess. Available evidence would further suggest that calcium mediated 

dysfunction of mitochondria and perturbation of cytosceletal components may be of particular 

importance. 

In the past decadc, lhere is a growing body of evidence that protcction of mitochondria against 

calcium mediat~d damage is a useful way to protect neurons against excitotoxic/ischemic 

insults. Recent data (Whitc & Reynolds. 1996) indicate. that massive calcium uptake by 

mitochondria is an important step in buffering cytosolic calcium after physiologieal 

st imulation as weil as an excitotoxic challonge (White and Reynolds. 1997). 

One link between excessive intracellular calcium increase and loss of neuronal function may 

be the disruption of the mitochondrial membrane potential and ATP production as a resliit of a 

massive inlra-mitochondrial calcium accumulation. It is known, that mitochondria take up 

calcium via an ulliporter which llses the electrochemical gradient across the inner 

mitochondrial membrane as a driving force. Thereforc, calcium uptake ioto mitochondria 

reduces the .,notmt of ATP produced (McConnack and Denton. 1993) under conditions 

where there is an illcreased energy demand to maintain cellular ion homeostasis. 

Recently, scveral illvestigators have showll that mitochondrial calcium transport inhibitors 

protected mitochondria against glutamate induced calcium accumulation. Dux ct a1. (1996) 

have demollstratcd, that the protective effect of selUlll proteins against excitotoxic stimulation 

is related to their ability to maintain normal intramitochondrial calcium concentrations. 

Furthermore, a large increase of the mitochondrial matrix calcium concentration induces the 

opening of the so-called permeability transition pore located in the inner mitochondrial 

membrane. Uncontrolled opening of the pore resulted in an efflux of sohnes and small 

protcins $; 1,5 kDa out of matrix inducing mitochondrial swelling and dismption of the 

membrane potential (Petronilli et al.. 1994). The pore is thought to be normally responsible 

for the osmotic balance between the mitochondrial matrix and the intermembrane space. One 

consequence of uncontrolled pore opening may be uncoupling of the oxidative 

phosphorylation and the generation of free radieals by the uncoupled respiratory chain, mainly 

reactive oxygen species (e.g. superoxide anions). The resultillg enhanced oxidative stress 

could be a contribnting factor to glntamate mediated neuronal cell dcath (Dugan et al. 1995) 

which was confirmed by the neuroprotcctive action of several antioxidants and radieal 

scavengers. 
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Digital imaging of fl'ee intracellular ions in cOl'tical neurons. The new understanding of 

ion-deregulation during neuronal injury is principally the result of new techniques that permit 

the measlIrement of transient changes in the free intracellular ion concentration. Perhaps the 

1110st fruitful among these methods has been the application of "vital" fluorescent probes (Le. 

fluorophores that do not adversely affeet cell viability) in combination with video 

technologies and computer-based image processing. Many [actors that complicate 

quantification of fluorescence in cells can be circumvented by using ratio dyes (Le. analyzing 

fluorescence ratios derivcd from pairs of flllorescence images). This approach has beeil most 

commonly applied to characterizing intracellular ion concentrations (Tyrnianski 1993 a, b). In 

addition only small numbers of cells are required and quantitative information can be obtained 

from individual living cells as they undergo changes. without harming thern. \Vhen applied in 

vitro it is especially useful in those circumstances where there are few cells in primary culture 

or cells lhat Me hard to grow like murine cortical neurons. 

The major objectivc of the present study, therefore. was to develop ill vitro assays using 

digilizcd tluorescent imaging in wh ich neurons can be studied with respect to their 

intracellular ion dynamics and changes in the mitochondrial membrane potential as predictive 

markers of neurotoxicity. This was used in combination with a newly developed high 

throl1ghpl1t assay system 10 monitor neuronal ccll dealh in multiweIl plates using a modified 

fluorescence scanner (Sattler et al., 1997). The latter approach was intended 10 asses potential 

neuroprotective agents based on the experimental endpoints sl1rvival or death of neurons 

within 24 h. That allows a sufficient period of observation 10 distinguish between ceHs 

destined to survive Of die and the automated prescreening of a large number of potential 

neuroprotective compounds. Compounds identified as neuroprotective agents may than be 

further stl1died at the resolution of the single cell level with digital imaging techniques. Timt 

approach permits the asscssment of cell fUIlClion and dnJg action during the course of 

ischemia by measuring a variety of biochemical parameters in real time under defincd 

conditions. 
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Materials and Met/IOds 

Neuronal cell cnlture. Corlical cell cuHures were prepared from embryonie (E15) NMRI 

mices (Charles River, Sulzfeld. D). Female mices were killed by cervical dislocation and the 

embryos were placed in PBS w/a calcium and magnesium. Cortical hemispheres were 

dis sec ted away from the rest of Ihe brain, the meninges were removed and the resulting tissue 

placed in PBS at room temperature. Cortices were dissociated by incubation in 0.05 % 

Trypsin (Fluka, Deisenhofen, D) in calcium and magnesium frce PBS supplemented with 

0.02 % EDTA for 15 min at 37 'c. Trypsin was inaclivated by adding sennn containing 

maintenance media consisting of Eagle~s minimal essential media (MEM, Earle~s salts, Gibco, 

Eggenstein, D) supplemented with 10 % heat inaclivated horse serum (ICN, Eschwege, D) 

2 mM glutamine, 25 mM glucose and 26 mM NaHCO,. The tissue was then triturated 10 

limes using fire polished pasteur pipettes in maintcnance medium followed by an additional 

trituration with a fire polished pipette with reduced tip diameter for 3 times. After 

centrifugation (10 ruin, 1000 x g) ceIls were resuspended in maintenance medium and 

viability determined by phase contrast microscopy Of by staining a sm all aliquot with 

flllorescein diacetate, a vital dye, to adjust Yiable cell density by counting stained cells under 

fluorescence optics using a hemocytometer (Neubauer). 

Plating on glass coverslips. The cell suspension was diluted to 860,000 cells/ml and 5 ml of 

the resulting cell suspension was plated onto poly-L-ornithine precoated (15 ~g/ml, dissolved 

in 10 mM sodium tetraborate solution, adjusted to pH 8,4 with HCL, 6-12 h) rectangular 

40 x 24 mm or 37,5 x 22 mm glass-coverslips (Menzel, D) which were housed in Petri dishes 

(60 mm diameter). Prior to plating, the coated glass cover slips were washed three times with 

sterH water and incubated at 370 C in plating media (maintenance media sllpplementcd with 

10% fetal bovine serum (HighClone, Frickenhausen, D) far 1-2 hours. Normaly, the dissection 

of olle pregnant mouse with 13-15 embryos resulted in 20-25 plated coverslips. Cultllres werc 

maintained in a humidified 5 % e02, 95 % air atmosphere at 37 oe. After 7 days in vitra 

(DIV), non neuronal cell division was inhibited by treating the cultures with 10 ~M uridine 

and 10 ~M (+)-5-f1uo-2'-deoxyuridine (Sigma, Deisenhofen, D) for 24 to 48 hours. In case of 

the i1l vitro ischemia experiments, the growth of non neuronal cells was not inhibited, only a 

medium change was performed. After 14-16 days in culture, cells were used far experiments. 

Plating on 24-well microtiter plales. The cuHures werc plated on 24 weil plates (Corning, 

Bodenheim, D) that, a day prior. were coated overnight at 37 °c with poly-L-ornithin 



(15 ~gllI1l, dissolved in 10 mM sodium tetraborate solution, adjusted to pH 8,4 with HCL). 

After washing with sterile water alld incubation with plating medium (see above), the 

dissociated cells were plated in the precoated cuHure wells (15-mm diameter, 0.43 xlO' 

cellslwell in 0,5 ml maintenance medium). Only 20 of 24 wells were plated with cells, leaving 

wells for background subtraction. Cells were maintained in a humidified 5 % CO2/95 % air 

atmosphere at 37 oe. At 4 days in vitro, they were treated with 5 ~M uridine and 5 ~IM 

(+)-5-fluo-2'-deoxyuridine for 48h to inhibit non-neuronal cell proliferation and shifted back 

10 maintenance medium. 

Immunostaining. Coverslips with neuronal cells were washed three times with phosphate 

buffered saline (PBS w/o calcium & magnesium, PAA, Cölbe, D) + 3 % bovine semm 

albumine (BSA, Fraction V, Sigma, Deisenhofcn, D), to avoid nonspecific binding of thc 

antibodies and than fixcd a.nd permeabilized with ice cold methanol at -20 oe for 30 min. 

After washing with PBS-BSA for three times (10 min, RT) ceIls were incubated with the 

primary antibodies for Ih. the coverslips were subsequently washed with PBS-BSA three 

times and thereafter incuhated with the sccondary antibody for 90 niin at 37 oe in a 

humidified staining chamber. The secondary antibody Fluoreseein Isothioeyanate-(FITC)­

conjugatcd anti mouse IgG (Boehril1ger. Mal1nheirn, D) was diluted 1 :200 with PBS-BSA and 

mixed with the nuclear dye 4',5-diamidino-2-phenylindole-dihydrochlorid (DAPr, final 

coneentration 2 ~g/ml). The eells were washed as previously deseribed and mOlll1ted on 

micoscope slides using glycerine-MOWrOL (2.4 g MOWIOL 4-88 (Hoechst, Franfurt, D) 

+ 6 g glycerin (Merk, Darmstadt, D) + 6 ml dest. water + 12 ml Tris pH 8.5 (Fluka, 

Deisenhofen, D) + 0.66 g Diazobicyclooctane (DABCO, Sigma, Deisenhofen, D). After 

drying ovemight in the dark at 4 °C coverslips were sealcd with nail varnish. The cells were 

viewed using phase contrast optics with an Leiea DMR (Lei ca, Benzheim, D) fluorescence 

microscope equipped with a Photonic Scienee MOlloCooIview integrating camera (Norwich, 

UK) connected to an Apple McIntosh based OpenLab image analysis system (ImproVision, 

Coventry, UK). 

Measurement of cell death in a fluorescence multiwelll'cader. Quantitative measurernents 

of ceJl death were performed using a modified Cytofluor II fluoreseence multi weil plate 

scanner (Perseptive Biosystems, Farmingham, MA, USA). Briefly, this is a software­

eontrolled deviee in which the optical apparatus eonsists of a quarz halogen Iamp (speetral 

range 320-700 nm), two si x-position filter wheels (to filter excitation and emission 

wavelengths) , and an RI527 Hamamatsu photomultiplier tube (Hamamatsu, J), all coupled via 
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qllartz oplic fibers. The filter wheel is equipped with interference filters optimized for lIse 

with a given f1l1orescence probe. Presently, we use a filter combinalion aimed as exciting and 

recording propidium iodate (PI) tluorescence (530 ± 10 nm excitation and 630 ± 20 nm 

emission). Modification were made to the scanner 10 permit temperature contro} to within 

0.2 oe. The casing was altered to contain copiolls styrofoam inslilation. Changes in 

temperature were archived by mounting in the casing two modified themlOelectric 

heater/cooler assemblies taken from a cooler box (Igloo Cool-Mate, model 4502, Houston, 

TX, USA). These contained the thermoelectric devices, heat sinks, and fans. The fans 

circulated lhe air within the device to produce a uniform temperature throughout the chamber 

housing the microtiter plates. The thermoelectric assemblies were powered by aprecision 

bipolar thermoelectric controller (Power Puncher BP 120, Alpha-Omega Instmments Corp_, 

RT, USA) that permitted lhe temperature to be set and monitored. Monitoring was via aT-type 

thermistor placed at the level of the microtiter plate. A mercury lab thennometer was added to 

independently verify the accuracy of the temperature readings. Intemal humidity was 

monitored with a household hygrometer and maintained above 65 % lIsing a water balh 

cOlltaining a humidifier sponge inside the scanner. This kept fluid evaporation at the lligher 

temperatures (37 Oe) to < 5 % of the original culture weil volume. 

Manual counts of PI~labeled neurons. At the end of some experiments with 24 weU plates, 

the plates containing PI-Iabeled cells wcre transferred to a Nikon Diaphot equipped with 

cpinuorescence optics and viewcd through a x 20 lens (Nikon CF UV-F; 20x) using a 

rhodamine filter cube (Nikon G-2A). Three microscope fields were chosen at random from 

each cuUure weil and were photographcd using a video camera (Hamamatsu C2400, 

Hamamatsu, J) inlcrfaced to a digital image analysis software package (Image-IIAT; 

Universal Imaging Corp., West Chester, PA, USA). The numbers of PI-Iabeled cells were 

counted manually from each digital micrograph. This approach was chosen over direct 

observation Ihrough Ihe microscope eyepieces to minimize the possibility that phototoxicity 

due to prolonged exposure to incident excitation light would alter the number of dead cells in 

a given weil. A second observer replicated all manual counts to ensure count accuracy and 

minimal interobserver variability « 5 %) 

EX}1erimental procedures: Fluoresccncc l11ulliwell scanner. a) Dllline mode This mode was 

used to determine the time course of ongoing neuronal cell dealh following an excitotoxic 

challenge. Experiments were performed near room temperature as the cultures were shifted 

from the scanner to olher areas within the same room for additional manipulations. All 
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manipulations were under sterile conditiol1s. Typically, cultures were washed with 0.5 ml of 

HBBS containig 50 IJg/ml propidium iodate, and a baseline tlllorescence reading was taken. 

Subsequently, the solution in cach weil were switehed to contain a given concentration of 

glutamate, and additional PI fluorescence measurements were taken at I-h intervals for 24 h. 

Then, the plates \Vcre removed from the scanner and were subjected to manual cell counting 

or to lactate dehydrogenase (LDH) eftlux determinatiolls (see below). Raw PI flllorescence 

was background substracted lIsing measurements taken from wells devoid of culture.~ 

containing neurotoxic agents. PI fluorescencc was unaffected by adding excitatory amino 

acids or EAA receptor antagonists. F1uorescence values in arbitrary units can be converted to 

the fraction of neuronal cell death by normalizing them against the maximal background 

subtracted PI fluorescence of identical cultures exposed to a 60 min challenge of 1 mM 

NM DA resuhing in near eomplete neuronal eell death after 24 h without affeeting glial eells. 

b) Endpoint mode To increase the number of 24-well plates tested within a given time (e.g. 24 

h) and to foeus on only a short excitatory amino acid challenge, we used an endpoint 

measurement mode to develop a high throughput screening system for testing of 

neuroprotectivc compounds. Neuronal cell cultures were washed with 0.5 ml of prewarmed 

HBBS containing 50 IJglml PI, and after 10 minutes at 37 oe a baseline fluorescence reading 

was taken. Subsequently, the solution in eaeh weil were switched to contain a given 

concentration of different excitatory amino acids for 15 minutes in a humidified incubator at 

37 oe and additional PI fluorescence measurements were taken. After switching the cell 

culture medium to EAA-free HBSS the weil plates were shifted back to an incubator and 

ell!tured for 24 h at 37 oe followed by all additional fluoreseenee reading. Potential 

Ileuroproteclive compounds wcre added with the EAA containing solution or at defined 

timepoints after the EAA challenge. Cultures were incubated with the drug cOTltaining 

medium thraughollt the experiment. Fluorescence values were normalized against background 

corrected changes of the contral data which was set to land expressed as arbitrary units. 

Measuremcnts of LDH release. In some experiments, PI fluorescence and LDH efflux 

measurements were compared at 24 h lIsing a cOllunercially available colorimetric assay 

(Boehringer, Mannheim, D). eell death was expressed as the pereentage of LDH aetivity 

produced by the maximal glutamate exposure (l 111M for 24 h) in eullures within the saTlle 

microtiter plate. 
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Digital imaging of intracellular ion cOHcentratton (ea1+, H+, Na+) and mitochondrial 

membrane llotential (8'1'). Jntracellular changes in calcium, sodium and proton 

concentrations were monitored with the ratiometric fluorescent ion indicators fura-2, SBPI 

and BCECF (Molecular Probes, Leiden, NL), respeclively. Neurons were loaded wilh 

membrane permeanl aceloxymelhylesler (AM-esler) of Ihe dyes for 60 min al 37°C in Ihe 

case of fura-2 (10 flM) and SBFI (10 flM) and for 15 min al room lemperature for BCECF 

(5 ~M) in a sernm free Hepes buffered salt solulion (HBSS). To increase Ihe solubilily of 

fura-2-~ and SBFI-AM, the stock solution of the dycs were mixed with an equal amount of 

a 20 % (w/v in DMSü) of Ihe non-ionic dclcrgenl Pluronic F-127 (Molecular Probes, Leiden, 

NL). C1eavage of Ihe AM-eslers by nonspecific inlracellular eslerases resulted in Ihe 

aceumulation of the membrane impenncant free acids of the dyes. After washing the 

coverslips 3 times with nonn.al HBSS, cells were incubated for anothcr time of 15 min to 

allow complete c1eavage of lhe esters. 

Changes in the mitochondrial membrane potential were monitored with the fluorescence dye 

rhodamine-123 (rh-123), which accumulatcd in mitochondria on the basis of their membrane 

pOlenlial. Cells were loaded wilh 2 flM rh-123 for 15 min al room lemperalure, washed Iwice 

and used rar the experiment. After washing with HBSS the coverslips were mounted in a 

temperalure controllcd flow-through eh amber (Warner lnc., Science Products, Hofhcim, D ). 

Thc superfusion chamber was mounted on an inverted Zeiss Axiovert 100 TV (Zeiss, 

Oberkochen, D) microscope. Cells were superfllscd with prewarmed HBSS using a Warner in 

line heater at a rate of 2 ml/min far 10 minutcs prior to slarting the experiments. The 

temperature in the superfusion chamber was mcasured wilh a Pt-IOD electrode and was set 10 

37°C ± 0,5. Digital imaging was pcrformed with the IonVision-system (ImproVision, 

Covenlry, UK) equipped wilh an 75 W xenon excilalion Iighl source (Zciss, überkochen, D) 

fitled to the microscope. The excitation wavelellgth was selecled with an electronic filter 

wheel (Ludi, Cambridge UK) and excilalion lighl was reduced by neulral densily filters. 

Emission lighl was measured al 530 ± 20 nm wilh an inlensified CCD camera (exlended ISIS 

M, Photonic Science, Norwich, UK). llIumination of the cells was restricted to the time of 

data aequisition by the use of an electronic shutter. FnHlles werc acquired routinely every 40 

seconds and slored on an Apple McInlosh Quadra 800 Compuler (Cupertino, CA, USA). 

Higher acquisitioll rates (up to 1 picturel2sec) were used at time points of special interest, for 

example during the application of glutamate. After the experiment, defined neurons were 

selected using custom build software and analyzcd individually. Far each experiment a 

number of 20-40 single neurons were analyzed and the resulting fluorescence changes were 

averagcd. Fluorescence changes were normalized to the initial baseline fluarescence 
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determined within the first 2 minutes of data acquisition or fluorescence ratio vatues were 

estimated. In our experiments neurons loaded with the ratiometric fluorescent ion indicators 

like fura~2 and BCECF were viewed with an inverted fluorescence mieroscope with a 40x oil 

immersion objective. 

The prope11y of the ratiometric fluorescent dyes enables measurements of the intracellular ion 

concentration in single neurons independent of the intracellular concentration of the dye by 

using the ratio of fluorescencc intensities measured at the two excitation wavelengths. Ratio 

images are eomputed by dividing on a pixel by pixel basis the A and B images of the 

monitored sequence. Therefore the resulting ratio images represent a pieture of the cell in 

wh ich the brightness at any loeation within the eell reIates not to its superficial structure, but 

to the local value of calcium (Hafner, 1993). Because the absolute values of the calcium 

signals obtained were only of minor importance in OUf model, no caIibrations of the fura~2 

ratios were performed. 

Experimental procedul'es: Digital imaging. Baseline fluorescence in standard HBSS was 

measured for 10 min and than the solution was switched to an appropriate EAA eontaining 

solution for 5 min Afterwards the neuronal cell culture was superfused wHh HBSS for an 

additional 60 min Cultures were superfused with the drug cOlltaining medium from the 

beginning of the EAA treatment throughout the experiment. The superfusion rate of 2 ml/min 

was maintained by a roler tube pump (IPN, Ismatec, Wertheim, D). The fluid level within the 

chamber was adjusted by a variable aspirator device which allowed a higher suction rate than 

the superfusion rate. Standard fluid content was 250 ~I, resulting in a eightfold solution 

exchange per min. 

a) HypoglyeemiaJhypoxia: hypoglycemia was performcd by superfusing cortical neurons with 

HBSS lacking any added glucose for 3 h. Afterwards, superfusion was changed to the normal 

glucose containing HBSS. The anoxie solution. was suppIied to the superfusion chamber via 

stainless steel capillaries. To prevent oxygen contarnination of the buffers the chamber was 

closed and gassed with argon. Furthennore, the superfusion rate was increased to 5 mllmin. 

Contral experiments showed that our cortical neurons tolerated the higher superfusion rate 

without any damage. Combined hypoglycemic/hypoxie conditions were carried out by 

superfusing neuronal cel1 cultures with glucose~ and oxygen free buffer solutions. At the end 

of hypoglycemia/hypoxia cells were reoxygenated in the presence of 10 111M glucose. 

b) In vitro ischemia studys: To mimic in vivo ischemic conditions, mixed glia and neuronal 

eell cultures on gl ass coverslips were placed in a PhysioControl microphysiometer (PTS, 

Freiburg, D). The system consists of a temperature controlled airtight stainless steel 
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incubation chamber wilh ports to connect miniatured electrodes for measuring temperature, 

extracellular pH and oxygen concentration directly above the cultured cells. The electrodes are 

conllccted to a specifie computer controlled interface board and acquired data were stored on a 

custom build Pentium-based computer system (CT2000, Karlsdorf, D). The incubation 

eh amber was mounted on a Zeiss Axiovert 100 TV fluorescence microscope and an inbuild 

window allows the observation of cells with transmitted light opties as weil as the detection of 

fluorescence light. Tltis enabled us to dctect simultaneous changes of the intraceJlular ion and 

energy homeostasis and ehanges of the extraceJlular OXygCll cOllcentratiol1 as weil as the 

extracellular pH. 

c) Determination of cell viability: At the end of each experiment, cells were superfused with 

HBSS containing 50 ~glml propidium iodate (PI) for a minimum of 10 min. Fluorescencc 

images were eollected after washout of the PI at excitation wavelengths 340 and 490 nm und 

emission at 530 nm . Afterwards, PI stained ceIls were related to the individual changes of 

theil' fluorescence signals during the experiment 10 determine specific differences between 

surviving and dead neurons. 

Materials. HEPES-buffered salt solution (HBSS) was composed of the following (in mM): 

NaCI 124; KCI 4.9; MgSO, 1.3; KH, PO, 1.2; CaCh 2.0; HEPES 25 .0; Glucose 10.0 adjusted 

to pH of 7.4 wilh NaOH. Bicarbonate-buffered salt solution (BBSS) was composed of thc 

following (in mM): NaCI 124; KCI 4.9; MgSO, 1.3; KH,PO, 1.2; CaCI, 2.0; H,CO, 25.0; 

with or without Glucose 10.0 adjusted to pH by gassing the solution wilh a mixture of 5% 

CO,/95% 0, for 30 min . Oxygen free HBSS was prepared by cquilibrating the buffer solution 

with argon (99.998 %, Messer-Griesheim, Darmstadt, D) for more than 24 h under positive 

pressure (l atm) in a special glas bottle. Rhodamine-123 was obtained from Sigma 

(Deisellhofen, D), aliquoted in dry dimethyl-sulfoxide, and frozen. Ionomycin and nigericin 

were dissolved in ethanol to give a stock of 10 111M. Cyclosporin A (Calbiochem, Bad Sodem, 

D) was dissolved in methanol, MK-801, CNQX, NBQX, ACPD in anhydrous dimethyl­

sufoxide. ln all cases, the final solvent concentration never ex,ceeded 0.1 %. Glutamate, 

NM DA, kainate and ruthenium red were frcshly prepared and dissolved in HBSS. In general, 

cell culture supplies were obtaincd from Life Technologies (Eggenstein, D) and neuroactive 

compounds from Biotrend (Köln, D). If not otherwise indicatcd, all other chemicals were of 

thc highest grade available from Sigma (Deisenhofen, D) or Fluka (Deisenhofen, D). 

Nominally calcium free HBSS contained no added calcium and 100 ~M EGTA. All drugs 

were testcd for theil' interference with the used fluorescence dyes. 
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Data analysis and statistics. Cuslom software was used to trausform Ihe raw fluorescence 

data into display ready data and to perform simple statistical analysis on groups of cultures as 

defined by the user. Further data analysis and display, including linear regression analysis, 

were performed using MS Exel and Ihe Sigma-SIal and Sigma Piol software packages (landel 

Scientific, San Rafael, Ca, USA). Results are expressed as me an ± SD. Statistical differences 

between experimental data within the same experimental group were ca1culated by a paired 

Studen(s TMtest. Differences between experimental groups were evaluated by a Wilcoxon­

Mann-Whilney U lesl using Ihe PC-based compuler program TESTIMATE (IDV, Gauling, 

D). Values were considered significanlly differenl when P < 0.05. 
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Reslllts 

I. Fluorescence llIuItiweJl reader 
PI fluorcsccllcc increllses with time amI with magnitude of glutamate challenge. Pilot 

experiments revealed a minimal weil-tc-weil variability in neuronal dellsity. Therefore, entire 

concentration-response curves could be obtained in a single experiment by varying Ihe 

concentration cf glutamate between culture wells. In the representative experiment in 

fig, IA, PI fluorescence increased with time and reached, within the first 12 h, a plateau that 

paralleled the magnitude of the glutamate challenge. Note that 50 ~glml PI had no adverse 

effects os this was easily tolerated by control cultures (fig. IA) 
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fig. 1. Represelllative measuremenls of the time course and extcnt of ccll death in cu ltured cortical neurons using 
the multiweIl plate reader. (A) Time course of propidium iodate staining measured by the fluorescence reader 
following application of different glutamate conccntrations. Each symbol reprcsents Ihe averaged PI nuorescencc 
intensity from four cultures. (ß) Rcsults of manual counts of PJ·stained cells pcrfonned after the 24 h glulmnatc 
cxposurc, corresponding 10 Ihe different concentration groups in A. Bach bar represcnts the meau ± so counts 
from Ihree randomly selec ted microscope fields from each of four cultures. n = total number of microscope fjelds 
per group; N = number of cultures per group. 

PI fluol'cscence intcnsity measurements lIsing multiweJl plate fluorescence scanner 

correlate highly with manual counts of PI .. stained neurons. Manual counts of PI-stained 

neurons were performed in the cultures after the 24 h of PI fluorescence measuremcnts. Dead 

neurons were casily visualized using conventional fluorescence optics. There was a strong 

linear relationship between the manual cell count and PI fluorescence measurements as 

performed by the scanner (r = 0.958, P < 0.0001; data pooled from 14 separate experiments 

using cultures from different disseetions). 
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fig.2. Rclalionship betwcen propidium iodide fluorcsccncc labeling as measured by the multi weil plate reader and 
manual cell counts. Each symhol rcpresents the menn PI fluoresccllce intcnsity value mensured in a given 
glutamate exposure group plollcd against the mean cell count in the same group (frorn 12 microscopc fields in 
four cultures). Means Me shown with Iheir standard deviations. The solid and dotted lines show thc best-fit curve 
und its 95 % confidencc interval, rcspcclively. Thcre was a high correlation and a linear relalionship bctwccn the 
number of dead cells (Pllabelcd) and thc measured fiuorcscencc (PI fluorescence = 699.6 + 12.2 x cell counts; 
r = 0.958, p < 0.001). 

PI fluorcscence intensity measurements using multiweIl fluorescence scanner cOlTeJate 
highly wilh LDH release, 
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fig. 3. Propidium iodide fluorescence labeling, as measurcd by Ihe multi weil plate fluorcscence scanner, 
corrclates higly will! lactate dchydrogenase (LDH) release. Fluorcscence and LDH release measueemenls were 
taken after a 24-h exposure of neurons to varying conccntrations of glutamate. Measurements for each assay were 
normalized to theie respcctive peak values. (A) Comparison of PI fluorescence and LDH measurements in a 
representative experiment in which glutamate exposure were performed for 60 min. Means ± SO are from IWO 

cultures per exposurc group. (B) Relalionship between PI fluorescence and LDH release combining data from 
four separate experiments similar to the one in A. Best fil least squares line (solid) is showll with its 95% 
confidencc interval (dotted). r::: 0.964, p < 0.0001. 
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LDH release is commonly employed as indicator of cell death in neurotoxicity studies (Koh & 

Choi, 1987). To compare the present approach with LDH measurements, the relative quantity 

of LDH release was determined in the same cultures sllbjected 24 h of seqllential PI 

fluorescence measuremenls in the scanner. Like PI fluorescence intensity. LDH release also 

increased in a glutamate concentration dependent fashion. There was a high correlation 

between the two methods of cell death determination, but note that lhe PI-fluorescence shows 

a higher sensitivity at lower glutamate concentrations. 

DcpcndcllCC of.ncuronal cell death and duratiOil of the glutamate exposure. As shown in 

fig. 4, a 15 min exposure to 300 J1M glutamate, a conccntration wh ich is able to kill almost 

100 % of all neurons after a 24 h incubation time (compare fig. 1) resuhed in 80 % neuronal 

cell death as comparcd with the 24 h challellge. Therefore. a 15 lI1ill exposure of 300 ~M 

glutamate was l!sed as a standard excitotoxicity model in this multi weil approach. 
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fig . 4. Dependency of the neuronal cell death Oll thc duration of the glutamate challenge. Cell cultures were 
incubated with 300 jlM glutamate for different time periods as indicated. PI measurcments were performcd 24 h 
after the insull. Meaus ± SD are from 5 independent experiments using averagcs from 4 weHs each. PI 
nuorescence changes werc normalized 10 the untreatcd controls. 
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Neuropl'otective potential of glutamate antagonists. To assess the neuroprotective potential 

of glutamate antagonists, cell cultures were treated with the non-competitive NMDA­

antagonist MK-801 and the AMPAikainatc antagonist CNQX. The dmgs were administered 

to thc cells simultaneously with glutamate (pretreatment-modc) or after the glutamate 

challenge (posttreatment-mode). As shown in fig. 5 only MK-801 had a significant 

neuroprotective effect. CNQX showed 110 marked neuroprotection in thc pretreatment as weil 

as in the posttreatment-mode. 
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fig. 5. Neuroprotective potential of MK-801 (111M) depcnds on the time of application after glutamate challenge 
whereas CNQX (1 ~IM) was without effeet. Cell cultures were incubated with 300 IJM glutamate for 15 minutes. 
PI measurements wcre performed 24 h after the insult. Means ± SD are from 5 independent experiments using 
averagcs from 4 weHs each. PI fluorcscence changes wcre normalized to the unlreatcd controls. * = statistical 
significant differences compared to the maximal PI fluorescence increase (p < 0.005) 

Time depenelent neuropl'otection of MK-801 during anel after a glutamate challenge. For 

a further characterisation of the neuroprotective potential of MK-801 and to determine the 

therapeutic window of the compound in this in vitra model, MK-801 was added at different 

time points during and after the exposure to 300 JlM glutamate. Within the first 10 min MK-

801 significantly counteracts the glutamate induced neuronal ceJI death (fig. 6). However, no 

neuroprotective effect of MK-80 1 was observed if administered at later time points. 
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fig. 6. Neuroproteclive potential of I ~M MK·801 depends on the time point of applicntion. Cell cultures were 
incubatcd with 300 pM glutamate for 15 minutcs. Plmcasurements were performed 24 h after the insult. Means 
± SD are from 5 independent experiments using cwemges from 4 well s each. PI fluorescence changes were 
nOfmalizcd 10 thc unlrcated caRtrots. * = stati stical significant differences comparcd 10 Ihe maximal PI 
fluaresccnce incrensc (p < 0.005) 

H. Digital Imaging 
Principles. Fig 7 iIlustrates some of the information that can be revealed by studies at the 

single ceIl level lhat would not be apparent from population measurements: fig. 7 A shows the 

distribution of free intracellular ion indieator in a linear greyseale representation of the 

fluoreseenee intensities. This illustration cnablcd us 10 loealize the eells in order to monitor 

simullaneously thc ehanges in intraeellular ion eoneentrations from all individual eells in Ihe 

field of view. After the experiment the software allowed to analyse each cell independently by 

generating a mask with defined regions of interests (ROI, fig. 7B) in order to measure lhe mean 

value of intracellular ions and the ratio value of the dye in eaeh single eell by eomputing the 

average of the pixels in the region for every image in the experimental sequenee. The ratio 

values in each of the ROI are plotted in fig_ 7C. Note the most striking difference from 

previous population experiments thaI the individual cells do not respond to a stimulus with a 

simple monophasie ion inerease, but give aseries of diserete intraeellular ion transients. It 

shows how surprisingly heterogeneous und pulsatile intracellular ion ehanges at the single eell 

level can be. This information is lost in population measurements due to Ihe asynchronolls 

nature of the individual responses to agonists. Even a sl11all cell 10 cell variation of the time of 

onseL can lead in a population measurement to a substantial lInderestimate of the rate of the 
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ion changes. This is shown in Hg. 7D where we calculatcd the average of the individual 

responses of cells labeled in the mask. It is obvious that the response of those cells undergoing 

a second ion increase is lost in the analysis of the average values. 

fig.7. Principle and advantage of single cell image analysis. For details see text above. 

Single cell [Ca2+]i measuremcnts also circumvellt problems associated with heterogeneaus cell 

populations, allowing data to be obtained from an identifiablc cell type, e.g. neurons versus 

glial-cells. Ta correlate the events of calcium increase and subsequent cell death in each 

individual cell we stained the cells with propidium iodate after the measurements. Because it 

is widely knowll, that mixed primary cortieal neuronal cell cultures are inherently 

heterogeneous, we tried to minimize the resulting problem by the selection of specific groups 

of round-shaped cells (fig 8), wh ich were identified as neuronal cells by immunostaining 

against the presence of specific neuronal markers (neurofilament 160, synaptophysin) and the 

absence of specific glial cell marker proteins like glial fibrillary acid protein (GFAP) and 

galactocercbroside. These specific round shaped cells are connected to each other by a 

network cf neurofilaments stained positive to antibodies against neurofilament 160 but 

negativ to GFAP. GFAP stained cells, mainly astrocytes, are located inbetween the cortical 

54 



neuron clusters and in some eases below the neuronal eells. Beeausc all fluoreseeneent dyes 

used stained neurons as weil as glia eells, only groups of eortieal neurons without coeultured 

glia cells were selected for fluorescence imaging. 

fig . 8. Cortical neurons slained with lhe intracellular pH·indicator BCECF. It shows the appearance of the 
eortien! neurons in the nuorescence microscope. Round nppearing cells were identified as neurons by 
immunostai ning against ncurofilament 160 in separate experiments (data not shown). 

Basic characteristics of excitotoxicity: 

Neuronal cullures exposed to glutamate undergo early swelling followed by cell death. 

The Inorphologieal ehanges aecompanying the applieation of excitotoxins 10 eultured cortieal 

neurons are weil describcd (Rothman, 1985; Choi. 1987). Neurons exposed to 300 ~M 

glutamate. for example, undergo cell swclling probably AS a eonsequcnce of early influx of 

Na+ and er and the accompanying changes in intraeellular water content. Simultaneously, 

Ca2
+ influx through glutamate receptor chal1l1els contributes to a loss of cell membrane 

integrity and subsequent cell lysis (see below). The sequellce of events ilIustrated here is 

typical for this type of preparation and uuderlies the rationale for using a marker of cell 

membrane integrity (PI) as an index of cell death. 
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fig. 9. Glutamate induced swelling of cortical neurons. Cortical neurons were treated with 300 11M glutamate for 
5 min. Photomicrographs were taken 10 min before and 2 h after glutamate treatment. Magnification = 200x. 

Changes of the intracellular calcium concentl'ation in cortical neurons induced by an 

excitotoxic challenge. 300 ~M glutamate applied for 5 min to the neurons resulted in a rapid 

increase of the intracellular calcium concentration. The increase shows a biphasic pattern. An 

initial peak value is followed by a slight restoration and a secondary long-lasting increase of 

the intraccllular calcium concentration in most of the neurons examined which indicated an 

intracellular calcium deregulation. Note, that not all of the neurons exhibit the secondary 

calcium overload. 

In all cells that became positive labeled by PI. glutamate induced cell death was preceeded by 

a delayed intraeellular calcium ([Ca2+Ji) inerease. Cortical neurons never recovered from this 

delayed [Ca2+]j increase, wh ich onee initiated was only terrninated by death. 

Ta clarify wh ich of the glutamate receptOf subtype is responsible for the early calcium 

increasc, cartieal cell cultures were stimulated with either NMDA, kainate 01' ACPD. As 

showl1 in fig . 11 treatment with NMDA increased the intracellular calcium concentration to 

the same magnitude as glutamate but with a different time course. 

NMDA was able to induce neuronal cell death in Ihis model of excitotoxicity as measured 

with propidium iodate. Kainate (100 J-lM) also produced a rise in [Ca2+]j in cortical murine 

neurons. However, most cells recovered from kainate induced [Ca2+]j load and did not show 

delayed [Ca2+]j rise as it was seen in many cells Ireated with glutamate. 

Treatment of cortieal neurons with ACPD, an agonist of the metabotropic glutamate receptors 

failed to induce a detectable increase in [Ca2+]j (data not shown). 
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fig. 10. Glutamate evokcd intracellular calcium increase in cultured cortical neurons at the single cell level. 
Representativc traees out of six independent experiments. Fura-2 fluorcsccnce ratios are cxprcssed as 
uncalibrated arbilrary un115. 
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fig. 11. Changes of the inlraccllular calcium conccntration in cOTlieal neurons induced by the specific glutamate 
receploT agon ists Kainate Ilnd NMDA. Means ± SD are from six independent experiments. Fura-2 fluoresccnce 
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Changes of intracellular proton alld sodium concentratioll in cortical neurons illduced 

by an excitotoxie ehallenge. 

• Exposure to glutamate, NMDA and kainate reduces the intracellular proton concentration 

[pH]i in murine cortical neurons, While the [pHJi started to recover du ring glutamate 

exposure, the [pHJi of most neurons treated with NMDA and kainate did not begin to 

recover until the application of the exitotoxins was temtinated. 
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fig. 12. Glutamate evoked intraccllular pH changcs in cultured cortical neurons at (he single cell level. 
Representative traccs out of six independent experiments. BCECF fluorescencc ratios are expressed as 
uncalibrated arbitrary units. 

• Upon removal of glutamate, ratio values recovered to initial levels and conti nu cd to 

increase indicating an intracellular alkalinisation, The rate of recovery was slow compared 

to the initial drop since the ratios were continuously increasing until the end of the 

measurement, a maximum level for the alkalosis could not be determincd. Following 

exposure to kainate, we observed Iittle or no recovery of [pHJi in most of the neurons far 

up to 20 min. 

• If MK-801 was co-administered with glutamate, the initial drop in the [pH]j was not 

effected but the later alkalinization was completely abolished (data not shown), 
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fig. 13. Changes of intraccllular proton concentration in cortical neurons induced by specific glutamate receplor 

agonisls kainate (\nd NMDA. Means ± SO are from six independent experiments. BCECF flourescence ralias are 
expressed as uncalibratcd arbilrary 1Ioi15. 

• A prominent influx of Na+ was also observed following glutamate receptor activation . 

Since the Na+-H+ anti porter has been implicated in the ~egulation of [pHJi in cortienl 

neurons Na+ fluxes oe altcratiolls in thc Na+ gradient may have contributed 10 the observed 

pHi changes. Ta evatuate this possibility, wc uscd the selective Na+-H+ antiporter blocker 

EIPA 10 inhibit anti porter activation. ElPA shows neither a marked effeet on the initial 

glutamate induced acidification nor on Ihe recovery period. 

• The glutamate receptor mediated increase in Ihe intracellular proton concentration requires 

extracellular calcium. Since glutamate receptor-gated ion channels are pemleable 10 Ca2
+ 

we examined whcther Ca2
+ influx is involved in the glutamate induced intracellular 

acidification. In the absence of eXlracellular calcium: Ihe application of 300 pM glutamate 

resulted in little or 110 changes in (pH]i in 311 neurons used in these experiments. 

• A neurotoxic administration of glutamate resulted in a rapid intracellular increase in 

sodium concentration followed by a normalization of lhe sodium concentration with time. 

• Kainate but not NMDA produced a comparable increase in Ihe intracellular sodiul11 

concentration. The glutamate induced influx of sodium was not blocked by MK-801 or 

TIX but showcd sensitivety to CNQX (data not shown). 
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fig. 14. Glutamate evoked intracellular sodium incrcase in cultured cortical neurons at the single cell level. 
Represcntative Irnces out of six independent experiments. SBFI·2 fluorescencc ratias are expressed as arbitrary 
units. 
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Changes of thc mitochondrial membrane potential in cOl'tieal neurons induced by an 

excitotoxic challcnge. Rhodamine-stained mitochondria of selected cortical cells werc 

located in neurites and somata but concentrated within the annular cytoplasm around the 

nucleus (fig.16). In this work, only those mitochondria in the perinuclear ring were analyzed. 
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fig . 16. Appearance of cortical neurons using transmined light and fluorcscence microscopy. Ce lls were loaded 
with the selective ntitochondrial slain rhodamine·123 . Magnification was 640x. 

Rhodamine· 123 (rh·123) is weil retained by mitochondria for several hours. Under conlrol 

conditions there was only a loss of abollt 5 % of the initial flllorescence after aperiod of 2 

hours. However. that decrease was not slatistical significant different when compared to the 

starting value. 

Ta test, if the collapsc of mitochondrial membrane potential results in changes of the rh·123 

flllorescence, we used nigericin. a protonophore known 10 equalize the intramitochondrial 

proton gradient and therefore leading to a depolarization of the inner mitochondrial 

membrane. As shown in fig. 17 a short exposurc to 5 11M Iligericin induced an 5-fold increase 

in rh-123 fluoresccllce followed by a reduction below initial values after removal of nigericill. 
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fig. 17. Changes cf the mitochondrial membrane potential in cortical neurons induced by the specific 
proloJlophore nigericin. Mcans ± SD are from six independent experiments. Rh-123 fluorcscencc intcnsity 
changcs (Ire exprcssed as normalizcd arbitrary units. 

Treatment of cortical cell cultures with 300 ~M glutamate in the presenee of Mg'+ (1.3 mM) 

for 5 minutes resulted in an early rapid increase of the rh-123 flllorescence indicating a 

depolarization of the mitochondrial membrane potential. Furlhermore, glutamate induced 

mitochondrial depolarization is an unique feature of (he selected cortical neurons. In al1 of the 

experiments performed all cortical neurons (up 101000 analyzed neurons) first responded with 

an increase in the rh-123 flllorescence after a glutamate challenge which was than foJlowed by 

a long-Iasting deerease of the rh-123 fluoreseenee. After 2 hours, only 14 % of the initial 

fluorescence vaille remained which was statistical significant different (t-test, P < 0.001) from 

(he fluorescence level at the beginning. It is known, that mitochondria wh ich loose their 

ability to maintain a normal membrane potential are not able 10 accumulate rh-123. To elicit if 

the obscrved 1055 of rh-123 fluoreseenee after the glutamate challenge 1.) depends on the 

disruptioll of mitochondria and is 2.) accompanied with an ongoing cell death, we llsed 

propidium iodate (PI) at the end of the experiments to visualize dead cells. 
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fig. 18. Changes of the mitochondrinl membrane potential in cortienl neurons induccd by glutamate. Means ± SO 
are from six independent experiments. Rh-123 fluorescence intcnsity changes afe expressed as arbitrary units 
normalizcd 10 the initial valuc. 

The single cell analysis revealed two different response pattern of the glutamate induced 

changes I'h-123 fluorescence wh ich was dependent on the later fate of the neurons. As 

demollstrated in fig. 19 all cells positive stained for PI at the end of the experiments showed 

an early und complete 105S of rh-123 fluoresccllce. In contrast, neurons wh ich excluded PI2 h 

after the glutamate challenge maintained 90 % of theil' initial fIuorescence intensity. Therefore 

a rapid loss of the rh-123 fluorescence eorrelates highly with an early ongoing excitotoxic 

neuronal eell death. 

Glutamate may be neurotoxic by activating multiple reeeptor subtypes e.g. NMDA, nOI1-

NMDA 01' metabotropie reeeptors. 

To determine the eontribution of the specifie glutamate reeeptor sub-types to the observed 

ehallges in lhe mitoehondrial membrane potential, we performed experiments using subtype 

specific glutamate receptor agonists such as NMDA, AMPAlkainate and ACPD. Neither 

kainate nor ACPD were able to produce a rapid mitochondrial depolarization. Whereas 

AMPA and ACPD were completely ineffective (data not shown), kainate indueed a slow but 

long-Iasting rise in the rh-123 fluorescence wh ich was not restorcd upon removal of the dnlg. 
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n;ffe, .. " patterns of rh-123 fluorescence intensity ehanges resulting from a 300 JlM glutamate challenge. 
Neurons which stained positive by the vital dye propidium iodate at the end of the experiment have completely 
lost their rh-123 fluorescence during the experiment. (I) rh-123 loaded cclls at t=O (11) increased rh-123 
fluorescence as a response of the glutamate challenge (Ill) rh-123 fluoreseence intensity at the end of the 
experiment. The fluorescence of same neurons completely disappeared (dark arrows) other maintained rh-123 
fluorescence (light arrows) (IV) propidium iodate staining of dead neurons at the end of the experiment. 

In contrast, NM DA evoked a rapid and pronounced increase in the rh-123 fluorescence that 

was followed by a subsequent lass of the dye. That pattern compared highly with the effect of 

glutamate. 
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fig. 20. Changes of the mitochondrialmembrane potential in cortieal neurons induccd by the specific glutamate 

rcceptor agonists Kainate and NMOA. Means ± SO are from six independent experiments. rh-123 fluorescence 
ratios are cxprcssed as arbilrary units normalized to the initial value. 
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Ta test the hypothesis timt the activation of the NM DA reeeptor channel is responsible for the 

observed depolarisation, we used MK-801 and CNQX to antagonizc thc NMDA- and 

AMPAlkainate-receptors. Co-application of I ~M MK-801 with 300 ~M glutamate 

completely prevents mitochondrial depolarization and alJ neurons analyzed survived. When 

applied together with glutamate, 10 ~M CNQX had no protective effect on changes of the 

mitochondrial membrane potential and neuronal survival (data not shown). 
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fig. 21. Protective action of MK·801 on rh·123 fluorescence intensity changes induced by a 300 ~M glutamate 
challenge. (I) rh·123 loaded ccHs at 1=0, (H) unaffcctcd rh-123 fluorcscence os a response of Ihe glutamate 
challenge, (III) rh·123 fluoresccnce intensity at the end of the experiment. Note, that IlO neurons completcly 
disappeared, (IV) pr staining of dead neurons at the end of the experiment. Note, Ihal the stained nucleus (nrrow) 
showed no corresponding rh-123 fluorescence at the beginning of the experiment. 

It is speculatcd, that overstimulation of NMDA receptors leads to an uncontrolled influx of 

extraeellular calcium into the neurons and that this Illay be the key event in excitotoxicity. 

Therefore, to test if intracellular calcium accumulation is duc to the dissipation of the 

mitochondrial membrane potential, we conducted experiments in the absence of extracellular 

calcium. Under these conditions, application cf glutamate caused only a slight increase of the 

rh-123 fluorescence. In contrast, the specific calcium ionophore ionomycine caused a marked 

increase in the rh-123 fluorescence and subsequent neuronal cell death (data not shown). 
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fig. 22. Calcium depcndency of mitochondrial membrane potential depolarizalion. Changes of the mitochondrial 
membrane potential in cortical neurons induccd by glutamate in the absence of exlracellular calcium (ciecles) aod 
the spccific calcium ionophore ionomycine in the presence of extraccllular calcium (squares). Means ± SD are 
from six independent experiments. Rh-123 flourescence ratios Me cxprcssed as arbilrary unils normalizcd 10 the 
initial valuc. 

We havc tested a set of different chemie al cOInpounds ,md conditions on their ability to 

protect the mitochondria against glutamate induced depolarisation which were summarized in 

Tab. I: 

Compound/conditions Mode of action Neuroprotection 
MK·801 NMDA·an1agonist + 
Ca'··free + 
Hypothennia (25°C) + 
CNQXlNBQX Kainate/AMPA·antagonist -
Nimodipine Ca'· ·channel blocker · 

TTX Na· ·channel blocker · 
Dantrolcne intracel. CaH -release inhibitor -
Ruthenium Red mito. Ca'··uPtake blocker · 

Oligomvcin/Rotenone ATP·synthaselResp. chain inhi · 

Cyclosporine A PTP·inhibitor · 

Cyclohexemide Proteine synth. inhibitor -
U83836E Antioxidant · 
Dithiothreitol Reducing reagent · 

L-NAME NO·synthase inhibitor -
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As shown in Tab. 1 only withdrawl of extracellular calcium, hypothennia or exposure 10 

MK-801 have had a neuroprotective effect in cortical neurons after a 300 ~tM glutamate 

challenge. 

HypoglycemialHypoxia. Beeause the disruption of the mitoehondrial membrane potential 

and the accompanied loss of the rh-123 fluorescence highly correlated with neuronal cell 

death, we used rh-123 fluorescenec as a standard method to detect ongoing neuronal cell 

death. Furthermore, in ease of hypoxia er ischemia depolarisation of the mitochondrial 

membrane potential is the earliest parameter to detect cellular oxygen definciency. First, we 

wanted to clarify if withdrawal of glucose in the presence of oxygen was able 10 damage 

cortical neurons. Therefore, neuronal cell cultures were superfused with HBSS lacking 

glucose for 2 h. Under those eonditions no neuronal eell death was deteetable (fig. 23) whieh 

was indicated by the persistent rh-123 fluorescence at the end of the experiment. In 

experiments using the fluorescenee multiweIl reader neuronal cell cultures are able 10 survive 

a hypoglyeemie insult up to 12 h without any marked eell death (data not shown). 
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fig. 23 . Mitochondrial membrane potential of cortical neurons during hypoglycemia. Mcans ± SO are from four 
independent experiments. Rh-123 fluorcscence ratios are expresscd as arbitrary units normalized to the initial 
value. 
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Superfusion of eortical neurons \Vith oxygen free HBSS in the presenee of glucose resulted in 

an early inerease of the rh-123 fluoreseence illdicating mitoehondrial depolarisation. During 

the anoxie superfusion period a slight decrease in the fluorescence intensity was detectable 

and followed by a eomplete normalization of the rh-123 fluorescence upon starting of 

reoxygenation. At the end of the experiments there was no signifieant loss of rh-123 

fluorescence and none of the neurons showed positive PI staining. 

However, the eombined withdrawal of both glucose and oxygen had a more pronounced effeet 

on neuronal survival. As shown in fig. 24 superfusion of neurons with oxygen and glucose 

free solution induced a marked decrease of the rh-123 fluorescence at the end of the 

experiment. The data were checked by PI counterstailling whieh identified some dead neurons 

at the end of the experiments. However, the majority of the neurons cxamined appeared 

swollen as observed by transmitted light microscopy. 

2.50 -,---- - --------------------, 

2.25 

2.00 

1.50 

1.25 

1.00 

0.75 

0.50 

0.25 

0.00 
Hypoxia + Hypoglycemia 

o 10 20 30 40 50 60 70 80 90 100 110 120 

Time (min) 

fig. 24. Mitochondrial membrane potential of cortical neurons du ring combined hypoglycemia/hypoxia. 
Means ± SD are from four independent experiments. Rh-t23 fluorescencc ralios are exprcssed as arbilrary units 
normalized to thc initial valuc. 

Model of ill vitro ischemia. Because superfusion of neuronal cell euhures with 

hypoglycemiclhypoxic buffer soltltions cannot resemble isehemia 01' stroke, we have started to 

set up in vitra ischemia experiments. Direct removal of metabolie substrates and oxygen (by 
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cellular self-consumption) should mimic Ihe patho-physiological situation better than widely 

used chemical interruptions of cellular metabolism. For this purpose, we used a sealed 

mierophysiometer, whieh allowed the deteetion and eontrol of extraeellular pH, oxygen 

cOllcentration and temperature in combination with Ihe determination of inlraceHular signals 

Iike the mitochondrial membrane potential or ion homeostasis. In this configuration we 

examined the effects of a stopped flow in the presence or absence of glucose on intracellular 

ion homeostasis und energy metabolism of cortical neurons which were co-cultured with glial 

cells. Switching from the superfusion mode 10 the SIOP flow mode in the absence of glucose at 

37 oe caused a dccrease in extracellular pH and oxygen concentration. Normally Ihe 

extracellular oxygen cOllcentration declined to zero within the first 30 min. Simultaneously 

with the complete consumption of oxygen mitochondrial membrane potential began to 

depolarize and the extracellul~r pH showed a marked increase. Upon reperfusion extracellular 

pH und oxygen levels nonnalized whereas rll-123 fluorescence started 10 dccline bclow the 

initial level , indicating an ongoing neuronal cell death. At the end of the experiments neurons 

appeared swollen and granulated. Subsequently, neurons had lost their ce1l membrane 

integrity and stained positive with lhe vital dye propidium iodate (data not shown). 
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fig . 25. Simultaneous detection of extracellutar pH, oxygen concentrntion and mitochondrial membrane potential 
during ill vitro ischemia in the absence of gtucose. Reprcscillative Imces of five independent experiments. 
Superfusion was switched to glucose frce conditions after 10 nun and stop f10w slarted at 20 min for 2 h. 
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When stop flow experiments were performed in the presence of glucose, a long-lasting 

intracellular acidification was observed. Depolarization of the mitochondrial membrane 

potential started up to Ih later as compared with the glucose-free ischemia. After reperfusion. 

all parameters were restored within minutes. Futhermore, ischemia indllced neuronal cell 

death was not detected. Under those conditions expanding of the ischemic period to up to 4h 

was insufficient to prodllce detectable neuroloxicity (fig. 26). 
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fig. 26. Simultaneous dctection of extracellular pH, oxygen concentration and mitochondrialmembrane potential 
during in vitro ischcmia in the prescnce of glucose (10 mM). Rcpresentativc traces of five indcpendent 
experiments. Superfusion was switcncd to glucose frcc conditions after 10 minutes and stop flow started at 20 
min for 4 h. Note the different time scale compared to the experiment shown in fig. 25. 
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DisClIssioll 

Fluol'csccnce multiweIl reader. The prescnt assay provides a mean 10 perform cytotoxicity 

experiments at a precisely controJled temperature. taken into accounl the temperature 

sensit ivity of excitotoxic phenomena, and serves the ability 10 study with precision llte time 

course of cell death. wh ich may be vary with different insults. The reslllts obtaincd correlate 

highly with manual tcehniques (eell eounting) and with other reeognized methods to 

measuring eytotoxieity (LDH efflux). 

The vital marker exclusion strategy has the advantage Qver vital dye retention that it is 

unaffected by hcalthy cells. Fluorescence vital markers such as PI, which increases its 

fluorescence upan entering cells and binding 10 DNA. are thus ideal for quantitative 

determination of cell death. PI and other DNA-binding dyes are relative resistant to 

photobleaching and are therefore amenable to repeated photoexcitation over prolonged 

periods as was done in the prescnt report. Furthennore, these eompounds are generally 

nontoxic to Ihe eells over aperiod of many hours. Finally, fluoreseence probes sllch as PI, 

when applied in eorreet quantities, provide for an exeellent signal-to-noise ratio when 

measured in a multiweIl plate scanner as described. 

As shown in our glutamate experiments, this method is applicable in determine the time 

profile of ongoing neuronal cell death as weil as Ihe neuroprotective action of a glutamate 

reeeptor chan ne I antagonist. The results obtaincd in the MK-801 posttreatment study showed 

a small therapeutic window far this campolll1d in aur if! vitra model wh ich supports ill vivo 

findings of delaycd ncuroprotective actions of NMDA-receptor antagonists. Nevertheless, in 

contrast 10 many ill vivo observations, CNQX failed 10 protect the neurons against a glutamate 

challenge. This is in line with the observation, that 100 pM kainate by itself failed to induce a 

marked eellular neurotoxicity. Taken together, in the described model the glutamate induccd 

neuronal cell death is mainly due to the activation of NMDA reeeptor ion channels, therefore 

may retleet early ongoing neuronal cell death. 

The use of a multiweIl plate scanner permits a significant degree of automation, thereby 

removing any subjeetive element from the assessment of cell death. For this eeason, this 

technique produces !iHle variability among results obtained by different operators. The 

method is simple and is therefore easily learned by tcchnical staff. Aut~mation also restllts in 

large quantities of accurate and reproducible data being obtained, which is a time and cost­

effcctive advantage over labor-intensitive manual cell-coullting techniques. This method 

should have wide applicability to cell types other than neurons with minimal or 110 

modification. By using this technique in the end point mode, a high throughput of multi weil 
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plates per day are possible making it useful as a tool for screening large amounts of potential 

neuroprotective compounds during pharmaceutical drug development. 

Thc fluorescence multiwell plate reader used in our experiments is equipped with two filter 

wheels 10 switch between several excitation and emission wavelengths subsets within the 

same plate. The apparatus is Ums especially amenable to studies combining the use of two or 

more fluorescent probes in the same cultures or in si ster cultures within the same plate. Thus, 

studies are currenlly ongoing in our Jaboratory to examine simultaneously changes in 

cytoplasmic calcium and proton concentration using Ca2+ and H+ intracellular indicators and 

cell death with fluorescent vital stains. 

Fluorescence Imaging. We have demonslrated tlIat a short exposure of murine cortical 

neurons to 300 ~M glutamate, IOD ~M NMDA and IOD ~M kainate resulted in a rapid 

increase of the [Ca2+)i whereas ACPD ha~ no effect on [Ca2+)i. However, only glutamate and 

NMDA were toxie to neurons. These experiments also showed that [Ca2+]i levels are not 

permanently elevated following transient exposure to excitotoxins. Prior to the observed 

delayed [Ca2+Ji deregulation, there wafi aperiod when neurons partly recovered their basal 

[Ca2+]i. Since active mechanisms are required 10 maintain low basal [Ca2+]i levels this 

suggests that Ca2+ homeostasic mechanisms remain intac! for certain but limited time. In 

agreement with Ihe literaturc our results show that in cultured cortical neurons, secondary 

[Ca'+]; overload is an early indicator of cell death (Thymianski, 1993a). The lass of 

mitoehondrial membrane integrity and the subsequent loss of the oxydative phosphorylation 

may bc the reason of the observed inability to maintain calcium homeostasis. 

Hence, this recovery period may represent a therapeutic window during which neurotoxicity 

of an agonist may be reversed. The time dependent action of MK-801 in the posttreatment­

mode supports this conclusion. The comparison of the time course of secondary calcium 

increase and the PI uptake suggests, that delayed secondary calcium load is more likely due to 

failure of Ca2+ homeostasic mechanisms as a result of the impaired mitochondrial ATP­

production rather than a non-specific plasma membrane damage. In general our results agree 

with recently reported findings in cortieal and hippocampal neurons with the exception that 

our experiments were performed at 37 °c compared to room temperature. This resulted in an 

earlier onset of the secondary calcium overload and supports the hypothesis that secondary 

[Ca2+]i load indicates a temperaturc dependent irreversible deregulation of cellular calcium 

homeostasis. 

We have observed that exposure of cultured murine cortical neurons to glutamate receptor 

agonists induced a rapid and pronounced intracellular acidification. This acidic shift can not 

be blocked by the Na+-W antiport inhibitor ElPA. 
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If the glutamate indllced intracellular acidification observed in our experiments was due to H+ 

entering neurons via glutamate receptor associated cation ehannels, the removal of external 

Ca2
+ should fail to affeet the incrcase in Ihe intracellular proton concentration. Thus, removal 

of extracellular Ca2+ during exposure to glutamate blocks both, the cytosolic rise in Ca2+ and 

H+, suggesting an important role far calcium in Ihe neuronal acidification response. One 

explanation could be the ability of calcium ions to compete for intracelltllar H+ binding sites 

or exchange for H+ in intracellular organells Iike mitochondria. Blocking of the Na+lH+ 

exehanger with EIP A excllldes the concomitant sodillm load as a souree for the inereascd 

proton coneentratioll. Nevcrtheless, the exact souree of protons respollsible for the reduction 

in pHi indueed by exci totoxic stimuli is still unknowl1. 

Hypoxia/Hypoglyccmia. This study involved severe insults (hypoxia or ischemia) that 

resulted in ahnost complete inhibition of aerobic metabolism and depletion of the celllllar 

ATP stores within 20·30 min. During severe ischcmia, multiple avemIes of cytosolic calcium 

elevation exist, inc1uding uptake via glutamate reeeptor ion channels, and release from 

intracellular stores. Althollgh t the insult in the superfusion mode used in our experiments may 

not be as severe as those expected to oecur in severe hypoxia/isehemia in vivo. This is 

assumed because superfusion of neuronal cell cultures does not involve significant 

extracellular lactic acidosis or accumulatiol1 of extracellular ions like potassium as weil as 

bioactivc amino acids like glutamate. Because these ehanges of Ihe eXlraeellular environment 

are considered to be vcry important in the sequellce of neuronal cell death during stroke itl 

vivat that model may not represent the experimental set-up of choke in ischemia research. To 

exclude the disadvantages mentioned above, wc developed a Ilew experimental set-up. A 

closed mierophysiometer-camber allowcd 1IS the detection and control of extraeellular pH. 

oxygen content and temperature directly above the examined cells in combinatiol1 with the 

determination of intracell\llar signals Iike Ihe mitochondrial membrane potential or ion 

homeostasis. Furthermore. Ihe extracellular fluid above the cell surface was redllced to less 

than 40 111. Co·eultivation of neurons and glia cells should mimic in part the in vivo situation 

in the brain with respect to the important neuron-glia interactiolls. 

Isehemia in Ihe presence of glucose caused a rapid decrease in intracellular pH in cortieal 

neurons and was followed by the depolarization of mitochondria when oxygen depletion was 

expanded. Obviously, the 3mount of energy supplied dllring ischemia was sufficient to keep 

the ATP-level in astate required for Ihe mainlell3nce of cellular membrane integrity typical 

for normoxie controls. 
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The new approach applied here allowed the sinlllitaneous determination of extracellular 

signals Iike oxygen and proton concentration in combination with important intracellular 

parameters like calcium concentration and mitochondrial membrane potential in certica} 

neurons. Omission of glucose during ischemia was more deleterious. Reperfusion led to a 

normalization of a11 parameters examined when glucose was present during 2 h of ischemia 

but induced irreversible damagcs to the neuronal mitochondrial membrane potential and 

intracellular ion homeostasis in the absence of glucose. The initial changes of the extracellular 

pH during ischemia in the absence of glucose gave basically the same results as in the 

presence of glucose. Tlte initial acidic shift may be due to an increased lactate accumulation in 

the extracellular fluid as a eonsequence of an aetivated glyeolytic pathway. The eonsecutive 

alkalinisation of the extracellular milieu in experiments lacking glucose in the medium may 

represent the inhibition of glyeolysis as a result from complete residual glucose 

metabolization. 

Dur recent studies foeus on the determination of the extracelluJar eoncentrations of excitatory 

amino acids as well as the extracellular ion composition at various time~points during ill vitra 

ischemia. This should give us a closer insight to the sequence of ongoing neuronal cell death. 

Comparison of those data with results from ill vivo experiments (e.g. mikrodialysis) should 

validate timt approach. 

Conc1us;olls 

When using conventional end points in ill vitro tests such as vital dye uptake, total cellular 

protein, or lactate dehydrogenase (LDH) release, the effects of a defined experimental insult 

on neuronal viability can only be evaluated at the end of an experiment. This approach 

precludes the study of neuronal physiology at the moment of lethai cell injury. Thus, we argue 

that deregulation of Ca2+ and energy metabolism (e.g. loss of the mitochondrial membrane 

potential) can be used as dynamic markers of cellular injury for the development of 

neuroprotective agents. The combination of the fluorescence multi weil reader based high 

throughput screening with digital imaging experiments on the single eell level revealed a 

useful tool for screening and characterisation of neuroprotective dmgs because of the 

following: 

• in addition to eonventional endpoints they permit the assessment of cell function during the 

course of hypoxic/ischemic injury by measuring a variety of biochemical parameters in real 

time which may yield information about pharmacological prope11ies of drugs at a 

resolution not possible in vivo. 

74 



• they permit the calculation of effective dmg concentration and direct assessment of dmg 

potency. 

• the extracellular space is under experimental control which also allows the assessmcnt of 

alterations in extracellular ionic compositions. 

• they greatly increase the numbcr of experiments which can be performed using a given 

ntlmber of animals. A gravid mouse with 12-14 feluses preparcd for cortical cultures can 

yield at least 10 - 12 multiweIl culture plates and each plate maY'contain 24 - 48 individual 

cultures. If each experimental conditioll is prcpared in quadmplicate a single dissectioll can 

provide more than 140 separate data points. 

Presumably, animal experiments cannot be avoided completely because they allow to monitor 

the interactions of metaboJites and their possible accumulations in different organs. However, 

the described approach can at least e.g. cnlighten the neuroprotective effect of dmgs or their 

critical concclltratiolls and by that way avoid a large !lumber of animal tests. 
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Summary 

Cerebral ischemia results in severe cell degeneration and consequently in lass of bram funct i­

ons. In animal models of global isehell1.ia the hippocampus has turned out to be one of the 

most vulnerable brain areas, and within the hippocampus the pyramidal neurons of the CA! 

region are higWy susceptible. These ill vivo test systems cause substantial stress in form of 

pain and anxiety to the animals involved , giving rise to ethical problems and little public 

aceeptanee. /11 vitro models have been developed in order to overcome these problems. Dis­

soeiated cell cultures allow the striet eontrol over environmental couditions and easy aeeess i­

bility to manipulations but suffer from laeking the native neuronal cireuitry as it is found ill 

vivo. This major disadvantage can be at least partially eircumvented by utilizing organotypie 

brain slice cultures. Organotypic eultures allow the investigation of delayed pathologieal 

processes after hypoxie/hypoglyeemie insults and of the long-term effects of neuroproteetive 

eompounds. In the present report we describe the development of organotypie hippoeanlpal 

slice cultures maintained on membrane filter inserts at the interface between tissue culture 

medium and atmosphere as an ill vitro model for the investigation of neuroproteetive drugs 

against isehemie darnage. Isehemia was simulated ill vitro by eombined oxygenlglueose de­

privation. Neuronal cell death as measured by propidium iodide uptake 24 h after the insult 

was compared WiUl funetional darnage as estinlated in the short-term range by eleetrophysi 0-

logical reeordings of field potentials. Pharmaeologieal validation was achieved by testing the 

effeets of cytoproteetive compounds with different effeetor meehanisms. Bearing in mind that 

OSC prepared from neonate rats may not represent the situation found in the adult CNS, they 

provide an experimental ill vitro system that is weil suited to eomplement ill vivo preparations 

and dissociated eell eultures in studying long-term pathophysiologieal processes of neurode­

generative diseases. 

79 



IlItrodllCtiOIl 

Stroke is ODe of tbe leading causes of mortality and a major cause of long-Iasting physical aDd 

mental disability in western industrialized countries. Pharmaceutical companies are therefore 

making substamial efforts to develop drugs whieh are able to protect the brain from neurod e­

generation following an isehemie insult. Animal models that mimic the neuropathologieal 

cOllsequences of stroke are utilized in the search for putatively protective compounds. In 

animal models of global ischemia the hippocampus has turned out to be one of the most 

vulnerable brain areas, and within the hippocampns the pyramidal neurons ofthe CAI region 

are highly susceptible (for review see Schmidt-Kastner and Freund, 1991). These ill viva test 

systems cause substantial stress in form of pain and anxiety to the animals envolved, giving 

rise to ethical problems and little publie aeceptance. Besides tbis the complex system of an i­

mal models bears problems in controlling eritical parameters such as brain temperature and 

blood pressure. Moreover, the beneficial effects of potentially neuroprotective drugs may be 

masked by poor permeability through tbe blood-brain barrier. To overcome these problems, 

ill Vii/'0 models have been developed to investigate the various aspects of eellular degeneration 

following hypoxialhypoglycemia. Dissociated cell cultures offer the advantages of strict 

control over environmental caDditions and easy accessibility to manipulations (Banker and 

Cowan, 1977; Banker and Cowan, 1979). On the other hand, however, they suffer from 

lacking the native neuronal cireuitry as it is found ill vivo. This major disadvantage can be at 

least partially circumvented by utilizing organotypic braut slice cultures (Gähwiler, 1981; 

Stoppini et al. , 1991), Ut whicb tbe neuronal connectivity occuring ill silll is weil preserved. 

Since they are long-Iived, tbey allow the investigation of delayed pathological processes after 

hypoxic/hypoglycemic insults and tlte lang-term effects of neuroprotective compounds. 

Two main alternative techniques are currently used to prepare and maintaut organotypie slice 

cultures (Gähwiler et al. , 1997). In roller tube cultures the slices are embedded in a collagen 

matrix or a plasma clot on glass coverslips and slowly rotated in medium-coDtaining tubes 

resulting in periodic feeding and air supply (for reviews see Crain, 1976; Gähwiler, 1988). In 

interface or membrane filter cultures the slices are maintained stationary on porous membr a­

nes at the interface between atmosphere and cell culture medium (Stoppini et al. , 1991). Both 

techniques yield culnlfes that retain tbe characteristic cytoarchitecture of tbe tissue of origin 

to a large extent and display cellular differentiation. The main difference between tbem is the 

final thiekness of tlte slices, roller tube cultures always turning out thinner than interface 

cultures. Due to their f1attening to a quasi-monolayer and their growth on glass coverslips, 

roller tube cultures are preferable for experilnents that require optilnal optieal cODditions and 

access to single neurons . Interface cultures offer advantages when a three dimensional struc-
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ture is desired. This is the case for the iJlvestigation of entire neuronal populations e.g. for 

the recording of field potentials. For these purposes the interface method was chosen for the 

studies described in the present report. Organotypic hippocampal slice cultures (OSC) were 

developed as ill vitro model for the iJlvestigation of neuroprotective drugs against ischemic 

danlage and the study of the underlying physiological and cellular mechanisms. 

Abbreviatiolls 

IS,3R-ACPD: IS,3R-anlinocyciopentane-I ,3-dicarboxylic acid, ACSF: artificial cerebrospi­

nal fluid, AMPA: o.-anlino-3-hydroxy-5-methyl-4-isoxazole propionie acid, CNQX, 6-cyano-

7-nitroquinoxaline-2,3-dione, D1V: days ill vitra, DMSO: dimethyJsulfoxide, EPSPs: excita­

tory postsynaptic potentials, HEPES: N-(2-hydroxyethyJ)piperazine-N'(2-ethanesulfonic 

acid), MEM: minimal essential medium, NBQX: 2,3-dillydroxy-6-nitro-7-sulfamoyl-ben­

zo(F)quinoxaJine, NMOA: N-methyJ-D-aspartate, OGO: oxygenfglucose deprivation, OSC: 

organotypic hippocampal slice culture(s), PBS: phosphate buffered saline, PFA: paraformal­

dehyde, PI: propidium iodide, PS: population spike(s), TCM: tissue culture medium, TTX: 

tetrodotoxin, U -83836E: (-)2-« 4-(2,6-di-I-pyrrolidinyl-4-pyrimidinyl)-I-piperazinyl)methyl)-

3 ,4-dillydro-2,5, 7 ,8-tetranlethyl-2H -1-benzopyran-6-ol-dihydrochloride. 
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Materials alld Met/IOds 

SO\lt'ces of materials. MEM-Haoks' (w/o L-glutamine, w/o NaHCO,) was purehased from 

Biochrom (Berlin, Ger); Hanks' balanced salt solution (HBSS), horse serum (heat inactiva­

ted), MEM-Hanks' (incl. 25 mM HEPES, 2 mM L-glutamine, w/o NaHCO,) from Gibco 

(Eggenstein, Ger) . Gases (CO" 0" 95% N,I5% CO" 95% 0,/5% CO,) were obtained from 

Linde (Leuna, Ger); NaCI from Fluka (Buchs, CH); KCI, MgSO" CaCI" PFA, s\lcrose 

(saccharose) from Merck (Darmstadt, Ger); KH,PO" D-glucose from Serva (Heidelberg, 

Ger); D-mannitol, NaHCO" PI from Sigma (Deisenhofen, Ger). TTX was purehased from 

Alexis (Grünberg, Ger); U83836E from Biomol (Hanlburg, Ger); nimodipine from RB! 

(Natiek, MA, USA); IS,3R-ACPD, CNQX, (+ )-MK 801 maleate, NBQX from Tocris 

(Eristol, UK). 

6-well-multiplates (Nunclon"') and Anopore® tissue culture inserts (25 mm diameter, 0.02 Ilm 

pore width), which were used for most preparations, were obtained from Nunc (Wiesbaden, 

Ger) . In some preparations Millicell®-CM culture plate inserts (30 mm diameter, 0.4 ~IM 

pore width) obtained from Millipore (Eschborn, Ger) were used. 

Sol\ltions. Stock solutions of compounds were prepared as folIows: lS,3R-ACPD (lmM) in 

equimolar NaOR, CNQX (lOOmM) in DMSO, NBQX (IOOmM) in DMSO, nimodipine (100 

mM) in methanol, (+ )-MK 801 maleate (10 mM) in H,O, PI (10 mM) in H,O, TTX (10 

mM) in equimolar acetic acid, U83836E (100 mM) in H,O. 

Pl'eparation of OSC. 9-IO-days-old Wistar rats (Institute breeding stock) were killed by 

decapitation. The brain was quickly removed and placed into iee-cold preparation medium 

(MEM-Hanks', incl. 25 mM HEPES, 2mM L-glutantine, w/o NaHCO" pH 7.35) perfused 

with 0,. Both hippocampi were isolated and transverse slices (350 Ilm) were prepared using a 

Mcllwain tissue sectioner (The Mickle Laboratory Engineering Co., Guildford, UK). If 

necessary slices were separated from one another in preparation medium \Inder a bi11ocular. 

Intact slices were transfered onto membrane inserts (3-4 slices per insert) in 6-well-plates 

with 1.2 mllwell tissue culture medium (TCM, 50% MEM-Hanks', w/o L-glutamine, 25% 

HBSS, 25% horse serum, 350 mg/l NaHCO" 12.5 mM HEPES, pH 7.4). OSC were main­

tained in an incubator at I % CO, and 36'C. TCM was changed completely three times/week. 

I11ductio11 of hypoxia/hypoglycemia. After 12-15 days ill vitro (DIY) OSC were transfered 

to 6-well-plates containing I mllwell of artiftcial cerebrospinal fluid (ACSF, composition in 

82 



OlM: NaCI 124, KCI 4.9, MgSO, 1.3, CaCl, 2, KH,PO, 1.2, NaHCO, 25.6, D-glucose 10, 

pH 7.4) . Hypoxia was induced by incubating OSC in a moistened gas mixture of95% N,/5% 

CO, in an incubator at 37'C for 10-30 nun in ACSF. In order to induce hypoglycenlia ACSF 

was substituted by modified ACSF containing mannitol (10 mM) instead of glucose. Drugs 

were applied either in ACSF I h before and in modified ACSF during hypoxia/hypoglycemia 

or throughout the entire experiment, I h before hypoxia/hypoglycemia until propidium iodide 

(PI) staining. After hypoxia/hypoglycemia OSC were incubated in TCM under normoxic 

conditions for anoUler 24 h. 

Quantification of neuronal cell death. 24 h after hypoxia/hypoglycenlia OSC were stained 

with PI (10 Ilg/ml) for 2 h. PI fluorescence was elicited at 510-560 nm and recorded at >610 

nm on an inverted fluorescence microscope (Nikon, Düsseldorf, Ger) . Images were captured 

using a CCD camera (Visitron Systems, Eichenau, Ger), stored on CD, and subsequently 

analysed on a PC with an image analysis software (LUCIA M, Nikon). 

The neuronal regions of control OSC could easily be identified from transnlission images. 

Due a pronounced darkening of OSC after hypoxia/hypoglycenua (Fig. 4c), however, the 

areas of the CAI and CA3 subfields could not be unequivocally demarcated. Thus, for the 

quantification of neuronal danmge the percentage of CAI-CA3 area expressing PI fluo­

rescence above background level was calculated in relation to the total area of each OSC. The 

mean values of 3-4 OSC treated under identical conditions were calculated and normalizecl 

against standard damage in order to compensate variations in PI fluorescence between diffe­

rent experiments. Each experiment contained a condition in which OSC were subjected to 30 

min hypoxia/hypoglycenua and no compound applied. The mean percentage of fluorescing 

CA I-CA3 area of this condition was taken as standard damage. Percentages of fluorescing 

CA I-CA3 area obtained from other conditions are expressed as percentage of this standard 

damage. 

Elech'ophysiological characterization of OSC. After 2-10 DIV OSC were transfered on 

their membrane inserts to an interface type recording chamber (Institute workshop), con­

stantly perfused at 1 mllmin with ACSF and exposed to a moist carbogen atmosphere (95 % 

0,15% CO,) at 35 ± 1 'Co Population spike (PS) responses were evoked by stinlUlation of the 

perforant path, mossy fibers or Schaffer collaterals with stainless steel eleetrodes and reco r­

ded with glass mieroelectrodes (1-4 Mn) in the stratum granulare of the dentate gyrus or the 

stratum pyramidale of the CA3 or CA 1 region, respectively . 
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Electrophysiological experiments. After 7-10 DrV PS responses were evoked by stimulation 

of the Schaffer collaterals and recorded in the stratum pyranlidale of the CAI region. Test 

stimuli (biphasic cuerent pulses, 0.1 msec per half wave) were adjusted to elicit a PS of about 

66% of its maximum amplitude. The PS anlplitude was evaluated by calculating the voltage 

difference between the negative peak and the positive one preceding it. Since the amplitude of 

the PS corre\ates over a wide range with the number of flfing neurons (Andersen et al. , 

1971), it may serve as a measure of functional neuronal integrity. After the PS amplitude had 

been stable for at least 30 min (baseline) hypoxialhypoglycenlia was induced by changing the 

carbogen atmosphere of tlle chamber to agas mixture consisting of 95 % N ,/5 % CO, in the 

presence of ACSF that contained 10 mM mannitol instead of glucose. After 4-20 minutes of 

hypoxialhypoglycenlia normal oxygen and glucose supply was re-established. The restitution 

of PS was monitored for one hour. Test cOmpounds were bath applied 10 nlin before 18 min 

hypoxialhypoglycemia and washed out immediately thereafler in the respective experinlents. 

Histological staining. OSC on membrane inserts were fixed in cold PFA (4% in 0.1 mM 

PBS, pH 7.4) for 30 min and subsequently rinsed in PBS (0.1 mM, pH 7.4) . After being 

carefully removed feom the membrane inserts OSC were incubated in graded sucrose buffers 

(10%, 20%, 30% sucrose in PBS, 30 min each). Subsequently they were mounted on a !lat 

stage of feozen cryo-embedding cOlllpound (Microm, Walldorf, Ger) on a cryotome 

(Microm). Sections of 15-20 j.lM thickness were mounted on glass slides (Superfeost®, Mell­

zel, Braunschweig, Ger) and air-dried for at least 3-4 h. Life/death staining was perfonned 

with toluidine blue/fuchsin acid according to standard proceduees (Romeis et al. , 1989). 

Statistics. The normalized values of neuronal cell deatll and the values of PS recovery 0 b­

tained feom independent experiments are given as mean ± s.e.m. The Mann-Whitney U-test 

was used to compare tlle neuronal damage of differently treated OSC, Le. hy­

poxialhypoglycenlia vs control or drug treatment vs no drug treatment, respectively. 
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Res,tlls 

Developmellt of ose. From eaeh animal 20-30 ose eould be obtained, whieh were eulti­

vated by 3-4 on individual membrane inserts. During the first week in eulture slices reorga­

nize and flatten from 350 flM to about 150 flM, whieh can be followed up in bright field 

mieroseopy (Fig. I). On the day ofpreparation the slices are opaque, with the neuronallay­

ers transparent. During the reorganization period the ose beeome dark and seem to be eo­

vered by dark spots. After about one weak the spots disappear and the ose become transp a­

rent witll tl,e neuronal regions easily identifiable. 

Fig. 1. Deveiopment of an ose du ring the first two weeks in culture. At the day of the preparation 
(O OIV) the neuronal regions of the hippocempal slice are clearly distinguishable. During the rear· 
ganization period (2 OIV) the ose become covered by dark spots. After 8· 14 DIV, when the 
reorganiz8tion period has finished, ose of good quality appear light end transparent. There are no 
more dark spots detectable on the neuronal leyers, which can easily be identified. Scale bar: 
O.5mm. 

In the course of the reorganization period the pyramidal cells displace resulting in a pro­

nounced broadening of the neuronal regions, especially the eAI region (Fig. 2). Olial cells 

form an outgrowth zone around the ase and are most likely also reponsible for the firm 

attaehment of the slice cultures to tl,e porous membranes (Buchs et a\., 1993). ose retained 

viability for more than 6 wecks as was proved by healthy appearanee in bright field mi­

eroseopy and intaet eleetrophysiologieal conneetivity (Sabelhaus et al, in prep.). 
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Fig. 2. Fuchsin acid/toluidine blue staining of asc. al The pyramidal fjelds and the dentate gyrus 
are easily recognizable in slice cultures. bl The pyramidal CA 1 neurons have displaced to a width 
of several cell layers. cl 24 h after 30 min hypoxia/hypoglycemia pyramidal cells in the CA 1 and 
CA3 area are damaged. d) Nuclei in the CA1 neurons appear pyknotic after hypoxia/hypoglycemia, 
the cytoplasms is vacuolized. Scale bar: 0.5mm (a, cl, O.05mm {b, dl. 

The intrinsic electrophysiological connectivity is weil preserved in OSC: Stimulation in the 

subiculum evokes PS in the dentate gyrus, the CA3 and the CA! region of the hippocampus, 

respectively. PS can be evoked in the CA3 and CA! regions after stimulation of the mossy 

fibers in the hilus of the dentate gyrus (orthodromic recordings). Antidromic responses cons;­

sting of PS and excitatory postsynaptic potentials (EPSPs) were recorded in the granular cell 

layer of the dentate gyrus after stimulation of Ibe mossy fibers. Stimulation of Schaffer colla­

terals elicits PS in CA! region. Paired pulse inhibition (20 msec pulse interval) demonstrates 

intact inhibitory synaptic transmission in CA 1 region. The intrin.ic connectivity also shows 

features of maturation during the first week in culture. Extracellular recordings of EPSPs and 

PS can be evoked already after 2-3 DIV, but full amplitude of recordings developes only umil 

DIV 4-5. 

Sensitivity of OSC to oxygenlglucose deprivation. After !4 DIV, when the reorganizatioll 

of the asc had filllshed, experiments were performed to detennine the adequate treaunent 

for inducing measurable neuronal damage. Damage was induced by depriving the asc from 

oxygen (hypoxia) or from oxygen and glucose (hypoxia/hypoglycemia) for 10-30 min. Hy-
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poxia without glucose deprivation induces only rninor neuronal damage, not signitieantly 

different from control eultures (Fig. 3) . HypoxiaJhypoglyeemia on the contrary induces in­

ereasing neuronal damage, wben lasting for 20 or 30 min, whereas 10 mill of hy­

poxiaJhypoglycemia did not induce any measurable damage. 60 rnin of hypoxiaJhypoglyeemia 

result in slightly enhanced damage compared to 30 rnin oxygenJglucose deprivation, but often 

also comprises cells outside the hippocampal neuronal layers. For this reason and as 30 min 

hypoxiaJhypoglycemia resulted in nearly maximal neuronal damage this treatment of asc 
was considered as adequate for purposes of investigating neuroprotective drug effects. 

*** 

duratIon of InsuH (mn) 

Fig. 3. Neuronal damage measured as PI uptske after hypoxia (hatched bars) and hypoxia/hypogly­
cemia (open bars). Hypoxia (w/o glucose deprivation) induces only light neuronal damage, similer 
to control culturcs (fiIJed bars), even when the incubation lasts 30 min. 10 min 01 hy· 
poxia/hypoglycemia da not induce any measurable damage, whereas 20 and 30 min 01 hy­
poxia/hypoglycemia induce increasing neuronal damage. 60 min of hypoxialhypoglycemia result in 
slightly increased damage compared to 30 min, which is taken es standard damage . 4: p <0.05 • 
•• ; p< 0.01, ••• ; p < O.OOl vs contro1 (Mann-Whitney U-test). 

After hypoxia/hypoglycemia asc exhibited neuronal cell death especially in the CA 1 region 

(Fig. 4), but also extending into OIe CA3 region in some asc. Already directly after the 

hypoxic/hypoglycemic period a reduetion of transmission light properties was detectable. Due 

to this darkening of OIe entire asc, the areas of the CAI and CA3 subtields could not be 

unequivocally demarcated (cf. Material aud Methods). Untreated control asc did not show 

signiticant PI upl.ke or such darkening. In order to validate the PI slaining method, asc 
were subsequently tixed for histological examination. Neuronal damage of asc that had 

suffered an ischemic insult became visible as cytoplasmic vacuolization and pyknosis of 

pyramidal cell nuclei (Fig. 2). 
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Fig. 4. TransmIssion images (a,e) and PI·fluorescence micrographies Ib,d) of a control eulture (a,b) 
and a culture 24 h after a hypoxielhypoglycemic insult (e,d). Hypoxialhypoglyeemia results in a 
lass of light transmission and PI uptake by damaged neurons especially in the CA 1 area, but also 
in CA3 and DG subfields of the hippoeampus. Scale bar: O.6mm. 

In electrophysiological experiments perforrned after 7-10 DIV PS were evoked by stimulation 

of Schaffer coJlaterals and recorded in the stratum pyramidale of OIe CAI region. The am­

plitude of PS was used as a Oleasure of functional neuronal integrity. Hypoxialhypoglycemia 

resu!ted in the disappearance of the PS within 3-4 min. During the foJlowing reoxygenatioll 

period the PS amplitude recovered to about 20-90 % after one hour depending on OIe duratiOlI 

of hypoxialhypoglycemia (Fig 5, 6a contrai). 12 min hypoxialhypoglycemia did not result in 

a sustained loss of synaptic transmission, neiilier in acutely isolated slices from 20 day old 

rats nor in OSC. About 18 min hypoxialhypoglycemia were necessary to obtain a PS recove­

ry of about 50% in OSC. An oxygenlglucose deprivation of 20 min resu!ted in a pronounced 

decrease of synaplic recovery. For acutely isolated slices from adult rats only 4 min hy­

poxialhypoglycemia are sufflcient to obtain 50% PS recovery. 
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duration of Ischemia (min) 

Fig. 5. Recovery of synaptic transmission after hypoxia/hypoglycemia. Acutely isolated slices of 
adult rats (filled bar), of 20-days-old rats (hatched bars) and ase (open barsl subjected to various 
periods of hypoxia/hypoglycemia_ Restitution of PS in the eA 1 region was monitored for 60 min 
after the insult. 
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Fig 6. The NMDA receptor antagonist MK 801 protects ase trom ischemic injury_ a) Recovery of 
synaptic transmission after 18 min hypoxia/hypoglycemia is significantly ameliorated by 10 mM 
MK 801 (open symbols I compared to unprotected ase (filled symbols). bl MK 801 (open bars) 
decreases the amount of neuronal cell death dose-dependently. Filled bar: wlo MK 801, •. 
p<0.05, H: p<O.Ol vs hypoxia/hypoglycemia wlo MK 801 (Mann-Whitney V-test)_ 

Pharmacological validation of of OSC for testing nenroprotective drngs. For pharmacolo· 

gieal validation of the OSC as ill vitro model cytoprotective compounds with different effector 

mechanisms were testcd, which have been reported to be neuroprotective in other in vivo (lnd 

ill vitro systems (Tab. I). As it is widely accepted that glutamate is involved in the pathoge­

nesis of ischemic cell damage (Rothrnan and Olney, 1986; Choi, 1988), inhibitors of the 

different glutamate receptor subtypes were tested in our model system. Tbe non-competitive 

NMDA receptor antagonist MK 801 exerted neuroprotection on OSC, both measured as 
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iocreased PS amplitude after 18 min bypoxiaJhypoglycemia and as decreased PI uptake (Fig. 

6). The AMPA/kaillate receptor antagonists CNQX and NBQX and the mGluR I receptor 

agonist IS,3R-ACPD failed to protect OSC from ischemic injury both measured as synaptic 

recovery and PI uptake. 

Tab 1. Validation of OSC with neuroprotective compounds exhibiting different effector 

mechanisms, 

effector mechanism compounds concentration damage paran,eter protection 

NM DA receptor- MK801 IOflM PS recovery yes 

antagonist 1-100 flM PI uptake yes 

AMPA/kainate recep- CNQX, 10 pM PI uptake no 

tor antagonist NBQX 

mGluR I agonist IS,3R-ACPD 100 flM PS recovery no 

PI uptake 00 

Na+ channel blocker TTX IOflM PI uptake yes 

Ca" ehannel blocker nimodipine IOflM PI uptake no 

free radieal scavenger U83836E IOflM PI uptake no 

Na+ influx du ring anoxia is responsible for some of the acute injury seen in CNS (Rothmao 

and Olney, 1986). Ta test whether voitage-gated Na+ channels are involved in mediating 

neuronal damage in OSC the Na + channel blocker TTX (Urenjak and Obrenovitch, 1996) 

was applied to OSC during hypoxiaJhypoglycemia. TTX (10 flM) exerted significant and 

dramatie neuroprotective effects on OSC. 

The Ca" channel blocker nimodipine, which has proven to be neuroprotective in dissociated 

ceU cultures (Krieg1stein et al. , 1996) had no protective effect on OSC after hypoxiaJhypogly­

cemia. 
As free oxygen radieals are involved in neuronal darnage foUowing ischemia, the radieal 

scavenger U83836E which is neuroprotective in a rabbit mndel of trauma (Wilson et al. , 

1995) was tested in our model system, but U83836E had no protective effect on OSC. 
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DisClissioll 

Pl'eparation "nd maintaiuauee of OSC. Organotypic hippocampal cultures possess the 

differentiated morphological and physiologieal eharacteristics, comprising cellular compositi­

on, neuronal organization and intrinsie eonneetivity, of the hippoeanlpus at the day of prepa­

ration and appear to undergo further maturation in eulture to attain many adult-like qualities 

(Bahr et al. , 1995; Caesar and Aertsen, 1991). On the other hand, all extrinsie afferent fibers 

and projeetions oriented in the longitudinal direetion of the hippocampus are transsected in 

tlle course of tissue preparation and degenerate. With increasing age of the neonate rats the 

slice eultures are prepared from, the arehiteeture of the hippocarnpal formation is better 

retained (Bahr et al. , 1995; Buchs et al. , 1993). 

Our OSC were prepared from 9-IO·days-old neonate rats. At that age, functional synaptie 

connections have al ready been established, particularly in the CA1 area. But many important 

eharaeteristics of the mature brain are stilllacking and may develop on1y during the folio wing 

weeks. An extensive eellular and synaptic reorganization ean be found during tlle first week 

in eulture (Caesar and Aertsen, 1991; Muller et al. , 1993; Buchs et al. , 1993). Compared to 

roller tube cultures (Gähwiler, 1981), however, these ehanges are less pronounced in inter­

face eultures and the preservation of the three dimensional tissue structure is superior (Stop­

pini et al. , 1991). 

The proliferation of glial eell appears to be very linlited in interface type OSC and they do 

not cover or overgrow OSC permanently. In contrast to oUler culture methods it is therefore 

not necessary to include cytosine arabinoside in the culture medium to suppress astroglial 

growth. During the first week in culture a transient increase in glial cells can be observed, 

which is probab1y related to the removal of degenerated eells, produeed du ring the dissection 

process (Buchs et al., 1993). This glial eell activity may be the cause for the darkening of our 

OSC arid tlle appearance of dark spots during the reorganization period. Predomin.ntly 

astrocytes accumulate at the border between slice and porous membrane (Stoppini et .1., 

1991). They extend processes into the membrane, tlms anchoring the slices into the mem­

brane. It is speculated that tbey may form a kind of barrier between culture medium and 

tissue (Buchs et al. , 1993). 

OSC maintained according to the interface technique f1atten considerably during the first 

weck il/ vitro although they remain several cell layers thick. The accessibility of individual 

neurons, e.g. for intracellular electrophysiological reeordings, nlight therefore be not as good 

as in roller tube eultures. In any case, the neuronal layers of the hippocampal forma tion ean 

easily be visualized in bright field and f1uorescence nlicroscopy. 
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Extracellular electrophysiological recordings revealed that the main intrinsie eonneetivity of 

the native hippoearnpus is retained in OSe. This trisynaptie caseade reorganizes during the 

flfSt days in eulture, as can be observed from the maturation of the eleetrophysiological co n­

nectivity. Additionally aberrant connections form in OSC as ean be seen from tbe antidromie 

response in the granular cell layer of the OSC after the stimulation of the mossy fibers. The 

IPSPs/EPSPs in Ule field potentials probably have their origin in the back propagation of 

mossy fibers into the dendritie field of the dentate gyrus granular cells. This situation may 

minIic the olissing innervation from the entorhinal cortex via the perforant path which was 

interrupted during the slice preparation. 

In sUßllnary our fmdings demonstrate Ulat OSC maintained on membrane inserts are guite 

useful for olicroseopie and electrophysiological studies on populations of neurons. 

Sellsitlvity of OSC to oxygenlglucose deprivation. Combined oxygen/glucose deprivation is 

accepted to mimie closely ischemic conditions in vivo (Goldberg and Choi, 1990; Goldberg 

and Choi, 1993). Oxygen/glucose induced cell death has been described as neuron speeifie, 

since astroeytes are not affeeted (Strasser and Fischer, 1995). Thus, hypoxia/hypoglyceolia 

was chosen the most reliable method to sinmlate cerebra I ischeolia in our in vitro model 

system. 

Electrophysiological recordings of the PS in the CA 1 pyramidal celllayer after stimulation of 

the Schaffer collaterals were taken as a Oleasure or the functional viability. The recovery of 

synaptic transmission at 1 h after the insult was adjusted to a half maximal value by varying 

the duration of oxygen/glucose deprivation. By this means we were able to observe both 

proteetive and detrimental effects of tested compounds. The PS amplitude reeovered to about 

50% after 18 min hypoxia/hypoglycenIia. In comparison with the aeutely isolated slices from 

adult rats a 4-5 times longer oxygen/glucose deprivation was necessary to adjust the recovery 

of synaptie transmission at about 50% of the baseline value recorded before the insult. No 

differenee in the suseeptibility could be observed between OSC and aeutely isolated slices 

from age-matehed rats, indieating that Ihe susceptibilily depended on tbe overall age of tissue 

and was not affeeted by eulture conditions. These observations support the generally aecepted 

findings that the susceptibility 10 iseheolie conditions of neuronal tissue from adult organisms 

is higher than that from juveniles (Frank, 1985). 

In Ihe long-term range, neuronal cell dealh was quantified measuring Ihe uptake of PI 24 h 

after the iseheolie insult. Hypoxia/hypoglyceolia was indueed in a gasifiable ineubator for 10-

30 lnin. This method allows the induetion of ischeolia in aseries of organotypie eultures al 

the same lime. Thus we were able to inerease Ule number of experiments and differenl exp e­

rimental eonditions considerably. 
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The suseeptibility of OSC to hypoxia/hypoglycemia measured both by electrophysiology and 

by PI uptake was very similar. Oxygenlglueose deprivation lasting for 18 and 30 min, respe­

cively, resulted in reliable neuronal damage. Our OSC seem to be more suseeptible to h y­

poxia/hypoglycemia than OSC of another laboratory, which reported Umt 60 min hy­

poxia/hypoglyeemia were neeessary to obtain signifieant neuronal darnage measured by PI 

uptake (Strasser and Fischer, 1995). Sinee Strasser and Fischer use animals only 3-days-old 

for preparing OSC it may be eoncluded Ihat U,e age of U,e rats may cOlltribute decisively to 

the suseeptibility of the OSC. Other faetors that influenee the severeness of darnage after an 

isehemic insult may be the degree of oxygen deprivation obtained in the hypoxie/anoxie 

ehamber and the rat strain used for preparation. 

Phal"lllaCological evaluation of OSC. For pharmaeologieal validation of the OSC as ill vitra 

model cytoprolective compounds with different effector mechanisllls were lested, which have 

been neuroprotective in other in vivo and in vitro systems. To ensure suffient diffusion into 

the OSC, all compounds were applied in the medium in 6-well-plates for I h before h y­

poxia/hypoglycemia or perfused for 10 min before hypoxia/hypoglycemia in the recording 

charnber. 

It is widely accepted that glutamate is mainly involved in the pathogenesis of ischemic cell 

damage (RoUlllIan and Olney, 1986; Choi, 1988). The contribution of different glutantate 

receptor subtypes 10 ischemic darnage seems to be age-dependen!. NMDA reeeptors appear to 

be primarily responsible for ischemia-induced excitotoxic neuronal injury in the developing 

CNS (McDonald et al., 1987; Olney et al., 1989) whereas both NMDA and non-NMDA 

receptors are Iikely to contribute to ischemic neurodegeneration in Ihe adult brain (Mosinger 

et al. , 1991; Sheardown et al. , 1990; Gill et al., 1992; GiII, 1994). In our model-system the 

NMDA receptor antagonist MK 801 turned out to be protective boU, tested in the short-term 

(restitution of synaptic transmission WiUlin I h after hypoxia/hypoglycemia) and the long­

term range (pI uptake 24 h after the insult). This result coineides weil WiUl other ill vive and 

in vitro models of cerebral isehemia (Gill et al., 1991; Newell et al., 1995; Vornov et al., 

1994; Hatfield et al. , 1992; Pringle et al. , 1997). 

The AMPA/kainate receptor antagonists CNQX and NBQX were not protective in our model 

system. In ill vitro models of cerebral ischemia utilizing OSC the involvement of AMPA/kai­

nate receptors in neuronal damaged is controversely described (pringle et al., 1997; Strasser 

and Fischer, 1995, Laake et al., 1996) The obvious differences in the protective effects of 

CNQX, which was used as antagonist may at least in part be due to the severity of the isch e­

mic insult, the OSC are subjected to. Strasser and Fischer (1995) reported that CNQX exer­

ted a proteetive effeet oniy when U,e ischemic period was short enougb to result oniy in 
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parlial neuronal cell dealh, whereas iI was nol proleclive when Ihe insult lasled longer. 

Pringle el al. (1997) reporled on neuroproleclive effecls of CNQX also after 60 nun hy­

poxiaJhypoglycemia, whereas loake el al. (1996) did nol find any proleclive effecls of 

CNQX, as IVe did. These facl appears 10 be very inlriguing since bOlh NM DA and AMPA 

receplors are reporled 10 be weil mainlained in OSC from ll-days-old rals compared to neo­

nale and adult hippocanlpal membranes (Bahr el al. , 1995). Since Ihe expression of AMPA 

receplors increased sleadily wilb increasing age in Ihe ral leiencephalon (Hall and Bahr, 

1994), il can nol be mied oul thaI Ibe rals we prepared OSC from were 100 young. 

The same may be lrue for Ihe mGluRs. mGIuRs are decisively envolved in neuronal darnage 

after hypoxia in adull rals (Riedel et al. , 1996) and hippocarnpal slices from adult rals (Opilz 

et al., 1994; Opilz and Reymann, 1993). [n our model syslem Ihe mGIuR class I agonisl 

IS,3R-ACPD which inlproves Ule synaplic Iransmission in hippocarnpal slices from adull rats 

after hypoxiaJhypoglyeenlia (Opilz and Reymann, 1993) had no proleelive effect. 

Na+ influx during anoxia is responsible for some of the aeule injury seen in CNS (Rolhman 

and Olney, 1986). To lesl whelher voltage-gated Na+ channels are involved in medialing 

neuronal darnage in asc Ule Na + cbannel blocker TTX was tesled and exerled signifieanl 

and draroalic neuroproleclive effecls on OSC. This fmding corroborales data oblained in 

olber ill vive and ill vitro models of ischenlia, where il was demonslraled Ihal danlage follo­

wing insults could be prevenled by addilion of TTX (Vrenjak and Obrenovilch, 1996; Pringle 

et al. , 1997; Vornov et al. , 1994). 

The L-type Ca'+ chrumel blocker nimodipine, wh.ich has proven 10 be neuroproteclive in 

dissocialed cell cultures (Krieglslein el al., 1996) had no proleelive effeel on OSC after hy­

poxiaJhypoglycemia. In anolher reporl (pringle el al., 1996) il IVas demonSlraled Ihal Ihe 

dihydropyridine nifedipine and Dlber CaH -channel blockers IVere not proleclive againsl da­

mage induced by hypoxia/hypoglycenlia, although il was delermined thaI eXlracellular calci­

um IVas essenlial for Ihe general ion of ischemic darnage. It IVas speculated that neuro­

proteclive effecls of dihydropyridines may be mediated Ihrough vaSCldar calcium charmeis or 

indireclly through aclions in olber brain regions. 

Lazaroids such as Ihe 21-aminosteroid V-83836E are a neIV class of superoxide .nd free 

radical lipid peroxidalion inhibilors. V-83836E prevenls hydrogen peroxide-induced F2 iso­

prostane produclion in renal proximal tubular cells (Salahudeen el al., 1995), prevenls free 

radical medialed effecls of oxyhemoglobin on vascular smooUI muscle (Vollralh et al. , 1995), 

and reduces secondary brain illjury in a rabbil model of cryogenic Irauma (Wilson el al. , 

1995). As V83836E had no proleclive effect in our model system Ibe generalion of free 

radicals seems to play only a minor role in neuronal damage after hypoxia/hypoglycenlia in 

OSC. 
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Tbe pbarmaeological validation of our in vitro model indieates that ase are quite reliable for 

the investigation of neuroproteetive drug effeets with some rest riet ions resulting from the 

neonate age of the rats the ase are prepared from. 

Reductioll of animal cousllmption. Sinee 20-30 slices were obtained from eaeh rat, wh ich 

were eultivated by 3-4 on individual membrane inserts, up to 6-8 different eonditions, e.g. 

different eompounds or different eoneeotratioIls of one eompound, eould be tested using slice 

eultures of a single animal. For the presereening of possibly neuroproteetive compounds Ihis 

would mean a reduction of animal consumption by a factor of about 8 compared to i/J vivo 

methods. 
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Abslracl 

The blood-braill barrier (BBB) fonned by brain capillary endothelial cells (BEC) under the 

influence of astrocytes (AC) has been neglected in the treatment of blood flow disturbances of 

lhe brain, such as ischemia and relatcd injury. On Ihe alher hand, these cells can be reached 

easily by systemic administration of a dmg. Among others (Le., accumulation of cellular Ca2 
•• 

energy deficiency), reactive oxygen specics play an important pathogenie role lInder ischcmic 

conditions. Therefore, a test hierarchy was developed based on BEC, AC and cocuItures of 

bottl, which aHows to characterize a potentially protective agent with respect to: radieal scav­

enger activity, cytotoxicity, cytoprotcctivity against oxidative (hypoxie) stress, and 

protectivity on the tightness of a cell cultme model of the BBB under hypoxie conditions. 

Moreover, the penneability oftest compounds through the BBB model can be detennined to 

predict the permeation of substances into the brain. This test system was validatcd using 

neuroprotective agents of different c1asses and various radical scavcllgers as research 

standards. The research strategy described here is expected to partly replace anima I 

experiments in the development ofnovel neuroprotective drugs. 

Illtrodllclioll 

Brain endothelial cells (BCE), being mainly influenced by astrocytes (AC) with respect to the 

fonnation ofthe blood-brain barrier (BBB; Risau et al., 1990; Dehouk et .1., 1990; Giese et 

.1., 1995), possess tight junctions and are characterized by low pinocytosis .nd very low 
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paracellular penncation. During cerebral ischcmia, brain microvessels generate an enhanced 

amouut of free radicols (Granmlas et al., 1993; Mertsch et al., 1995), wh ich can disturb the 

function ofthe BBB (Evans, 1993; Giese et al.; 1995). Both BEC and AC have been reported 

to generate reactive oxygen species (ROS) due to hypoxia and following reoxygenation (Betz, 

1993; Mertsch et al., 1995). Hypoxia reduces the activity ofantioxidatively acting enzymes of 

BEC, such as superoxide dismutase (SOD), glutathione peroxidase and catalase (Plaleel ct al., 

1995; Schroeter el al., 1997). 

Phannacological interventions directed to the cells of the BBB have been neglected so far. 

Therefore, the aim of this project was to establish ill vitro methods by using cells of the BBB 

for the investigation of potentially neuroprotective agents. Methods have been developed 

mainly on the cellular level. The investigations have been perfomled in monocultures of BEC 

and in cocultures of BEC and AC. As a model of the BBB, BEC are cultivated on one side 

and AC on the other side of a filter insert. There is the possibility to study the influence of 

other types of cells (e.g., those occurring ill vivo close to the BBB) which can be cultivated on 

the bottom of the weIl. On the cellular level, opening of the BBB, increase of ROS·induced 

peroxidation of membrane lipids (LPO) and viability afler hypoxia and reoxygenation have 

been investigated. Variolls types ofpotentially protective cOlnpounds have been included into 

the investigations. Among these were neuroprotective agents, such as Caz• chalmel blockers, 

NMDA- and AMPA receptor antagonists or compounds affecting free radical reactions as, for 

instance, radical scavengers. The results demonstrate the potential of in vitra models of the 

BBB 10 characterize the activitiy ofneuroprolective dmgs on the level ofthe BBB during and 

following oxidativc stress. 

Materials alld Met/tods 

Reagcuts, materials aud kits. Ham's FIO, (X-medium, Dulbecco's modified Eagle's medium 

(DMEM) were purchased from Biochrom (Berlin, Gennany), felal bovine sel11m (FBS), glut· 

amine, bovine fibroblast growth factor (bFGF), geneticin, Irypsin/ethylenediaminetetraacetic 

acid (BDTA) and collagen type I for BEC from Boehringer Mannheim (Gennany), FBS for 

AC from Gibco BRL (Eggenstein, Gennany), glutamine, amphotericin B, 

penicillin/streptomycin and trypsin/EDTA for AC from Biochrom. Phosphate buffered saline 

(PBS) was purchased from Biochrom. BEC were cultivated on Coming flasks (Corning, 
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Dunn, Asbach, Gennany), AC on Falcon Oasks (Heidelberg, Gennany). 6-well plates, filters 

for 6-well plates (polyethylene terephthalate, 0.45 ~m pore size, 1.6x I 0' pores/cm' ) and 

75 cm2 culture flasks [rom Falcon wcre llsed. 24-weJl plates and cryotubes werc purchased 

from Greiner (Frickcllhausen. Gennany). ImmuncytochemistlY was perfomlcd for Factor 

VIII, glial fibrillary acidic protein (GF AP), vimentin, desmin, a-smooth museie actin (LSAB 

DAKO, Hamburg, Genuany). Aetivities of y-glutamyltranspeptidase (yGT) and alkaline 

phosphatase (ALP) were measured by Sigma kits. Isolectin Balldereia simplicifolia (positive 

far microglia) and oligodelldrocyte specific marker 04 were purchased [rom Sigma. 

Dimethylsulfoxide (DMSO), Na-Ouoreseein and hypoxanthine were from Sigma. ["C]­

suerose and ['H]-diehlorkynurenie acid were obtained from NEN (Bmssels, Belgium). 

Phosphorie acid, NaOH and methanol were from Baker (Gross-Gerau, Gemlany), 

thiobarbiturie acid from Merek (Dannstadt, Gennany). Malondialdehydbis(diethylacetal) was 

ftern Merck-Schuchardt (HohcnbnuUl, Gennany), xanthillc oxidase from Boehringer 

Mannheim (Gennany) 5,5-dimethylpyrroline-l-oxide (DMPO) from Aldrieh (SteinJleim, 

Gennany), diethylenetriaminepentaacetic acid (DET AP AC) and pyridine from Fluka (Buchs, 

Switzerland). Water used for cleaning equipmcllts or preparation of soltltions was purified 

with MiIIiRO and MilliQUF from Millipore, Eschbom, Gennany. Carbogen (95% 0/5% 

CO,) and Nelson gas (95% N/5% CO,) were purchased from Messer Griesheim (Berlin, 

Gemlany). 

Test substauces. U83836E {( -)-2-[[4-(2,6-di-l-pyrrolidinyl-4-pyrimidinyl)-I-piperazinyI] 

mcthyl]-3,4-dihydro-2,5, 7 ,8-tetramethyl-2H -1 -benzopyran-6-01 (dihydrochloride)}; kindly 

provided by Dr. Hall, KalamazoolMl, USA, Upjolm Comp.}, trolox C (6-hydroxy-2,5,7,8-

tetramethylchroman-2-earbonie acid; LaRoche, Basel, Switzerland), a -tocopherol (Serva, 

Heidelberg, Gennany), maroutol (Sigma), MI( 801 (NMDA-receptor antagOlust, kindly 

provided by Boehringer IngeUleim), nimodipine (Ca-chrumel antagonist, Research 

Biochenucals International, Natiek, USA), NBQX (6-nitro-7-sulphrunoylbenzo[f]quinoxaline-

2,3-dione, AMP A reeeptor antagonist; Calbiochem, Bad Soden, Gerrnany) were lIsed. NN I 

(4,4,5,5-tetrrunethyl-2-( 4-trimethylanumoniophenyl)-2-imidazoline-l-oxyl methyl sulfate) was 

obtained from the Institute of Orgrulie Chemistry (Novosibirsk, Russia). 
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Clollcd illllllortalizcd rat brain endothelial cclls (RBE4). RBE4 cells kindly supplied by 

Prof P.O. Couraud (Paris, Frankreich) were cultivatcd accol'ding to Roux et al. (1994) in 

Ham's FIO/a-medium 1:1, 10% FBS, 2 111M glutamine, I ng bFGF, 300 flg/ml geneticin on 

collagen I coated (1.7 ~g/cm') plastics. Subcultivation ofcells between 40th and 55th passage 

was performed twice a week: cells were washed with PBS for about 5 min, EDTA (0.02%) 

was added for 2 min, trypsinlEDTA (0.050/010.02%, Boehringer Mannheim) was added fol' 2-5 

min. Cells were frozen in cell medium (see above), containing 10% DMSO by reducing the 

temperature for I'C per minute. At -70'C cells wel'e transferred into liquid nitrogen. Endo­

theHal origin of cells was characterized by phase contrast microscopy, factor VIII staining and 

staining procedures for ALP and yGT. Cell cultures were characterized mo!phologically by 

light microscopy (LMT 2, Olympus, Hamburg, Gennany); monolayers with giant cells cr 

abnormal cell morphology were not used for coculture experiments (Mertsch et al., 1997). 

POI'cine BEC were isolated according to Mertsch et al. (1995). Brielly, 6-8 brains were 

placed in PBS (without Ca2+, Mg1+), washed, covered with 70% ethanol alld flamed. Brains 

were minced after discarding the meninges and mixed for 2-3 hours (37'C, approx. 60 !pm) 

with dispase II (5 mg/mi, B. polymyxa, Boehringer Mannheim). Density gradient centri­

fugation (5800xg for 10 min at 4 'c) was perfonned with 15% dextran solution (mol. wt. 

500,000; Sigma). The pellet was dissolved in PBS (with Ca'" Mg"), collagenase/dispase 

(from Achrolllobacier ioghages/B. polymyxa, Boehringer MarUlheim, 1 mg/mi) was added, 

and mixed for 1.5-2 h (37'C, 10 !pm). The resulting mixture was centrifuged (IOOOxg, 4'C, 

10 min) and dissolved in. medium 199 (Biochrom) with 16% FBS (Gibco) containing 2 mM 

glutamine, 100,000 LU. penicillin, I 00 ~g/ml streptomycin, 2.5 flg/ml amphotericin 

(Biochrom). Cells were cultivated in 6- or 24-well·plates (Greiner), covered with gelatine 

(Sigma) for 2 h before plating (approx. 10' cells per 145 cm'). Every second day cells were 

washed with PBS (37'C) to remove erythrocytes and covered again with medium, up to 10 

days. Endothelial origin of cells was verified by Factor VIII staining. Activities of ALP and 

yOT were detennined. Immunological tests were perfonned for vimentin and GF AP, neuron· 

specific enolase and 4-prolylhydroxylase activities (Dako) to exclude the presence of AC, 

neurons and fibroblasts, respectively. Subcultivation of porcine BEC was accomplished 

according to Dehouk et al. 1990) by trypsinization of pure endothelial cell islands 5-6 days 

after primary isolation (trypsinization as for RBE4). Cells were allowed to reach confluence 
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during Ihe 41h-51h passage. Cells of Ihe 71h or 81h suheulture were frozen in liquid nilrogen 

and preserved for experimenls (cf. AC). 

Astrocytes. AC from neonatal rats wefe isolated according 10 Bocher & Sensenbrenner 

(1972; Giese el al., 1995). Brielly, neonalal rals (1-2 days old) were killed by eervical 

dislocatioll, brains were removed and cortex was isolated. After removal of meninges, tissuc 

was given Ihrough a nylon sieve (pore size, 100 ~m) into DMEM with 10% FBS, 2 mM 

glutamine, 100 J.U.lml penicillin, 100 ~g1ml slreptomycin, 2.5 ]lglml ampholeriein 

(Bioehrom). AC isolated from one animal were prepared with 13 ml of DMEM and 

lransferred into a 75 cm2-cell culture fiasko Medium was changed each third day. After 

reaching confluence, cells were shaken ovemight in a Certomat shaker at 130 rpm (Braun­

Melsungen, Gennany) to removc microglia 3nd oligodendrocytcs. Next moming, medium 

was changed and cells werc cultivated 10 conflucnce again. Cells were vcrified for GFAP, 

Isolectin Balldereia silllplicijolia (positive for mieroglia) and for the oligodendrocyte-specific 

marker 04. If not used inunediately, AC were frozen in liquid nilrogen (I cryolube for Ihe 

arnount of cells harvested from 75 cm2
): cells were trypsinized (trypsinlEDTA solution, 

0.25%10.25%, Biochrom), centrifuged .1 1000xg for 10 min (4KI0, Sigma, Oslerode, 

Germany). The cell pellel was dissolved in FBS (Bio chrom) wilh 5% of DMSO and filled in 

cryo lubes. After 1 h at 4'C, cells were frozen for 4 h at -20'C and than plaeed inlo Ihe gas 

phase of liquid nitrogen ovemight. Next moming, cells were put into liquid nitrogen. For 

thawing the cells. cryo tubes were put into a water-containing tube (37°C). Suspension was 

immedialely Iransferred to DMEM wilh 10% FBS .nd eentrifuged for 10 min with 1000xg 

(4KI0, Sigma). The supemalani was discharged and cells were plaled for growlh conlrol in 75 

cm' culture lIask. If Ihe cell density was 75% after 48 h, coculture experiments were started 

(Mertsch et al., 1997). 

Coculture. RBE4 .nd aslrocytes were eultivated separalely on the two sides of Falcon filter 

inserts, coaled with ral lai I collagen J. AC (6x 10' cells/cm') were seeded on fillers upside 

down (in DMEM with 10% FBS, 2 mM glutamine, 100 J.U.lml penicillin, 100 ]Ig1ml slreplo­

mycin, 2.5 ]Ig1ml amphoteriein B). Aller 3-4 h, filters were lumed around into the righl posi­

tion. 3 days after seeding of aslrocytes, RBE4 cells were seeded on the olher side of Ihe filler 

(1 .8x I 0' cells/cm' ). The endothelial side of filters was prepared prior 10 cultivalion procedures 

by coating wilh collagen (Boehringor MatUlheim, collagen I, preparalion as described by the 
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manufaeturer, 1.7 ~lglcm2). After reaching confluence. medium ofRBE4 cells was replaccd by 

a medium with 5% FBS and without growth factor. Measurement of the transendothelial 

eleelrieal resislance (TEER, above 250 Q/em') were perfonned 10 check Ihal penneabilily 

studies eould be slarled (approx. 2-3 days after eonfluence). TEER was measured using all 

olnnmeler (World Precision Inslrumenls, Sarasola, USA) eOlUleeled 10 special eleelrede slicks 

(Merlsch el al., 1997). 

Pcricytcs, oligodcndrocytcs, microglia. Pericytes were isolated aceording to Frey ct al. 

(1991) and cultivaled in 84% M199 (Biochrom) wilh 16% FCS, 2 mM glutamine, 100 I.U.lml 

penicillin, 100 ~glml slreptomyein, 2.5 lIg/ml amphoterieill. Oligodendrecytes were isolated 

aeeording to Milner (1996) and eultivated in DMEM with 10% FCS, 4 mM glutamine, 100 

~g/ml bovinc serum albumine (ESA), 2 mg/mi gentamyeill, 400 ng/ml thyroxin, 5 ng/ml Na­

selen in, 400 ng/mI3,3',5'-triiodo-L-thyronine, 6.2 ng/ml progesteron, 16 ~g/ml putriseine, 5 

g/ml insulin, 50 IIgiml transferrin, 2 mg/mi NaHCO). Coculture of BEC/AC (both on filter) 

with another type of cell was perfomled in 6-well-plates with perieytes, oligodendroeyles or 

mieroglia on Ihe bottom of Ihe same weil. Penneability studies, measurement of TEER and 

staining proeedures were performed 48 h after the addition of one of the latter eell type. 

Pennentlon studies. Penneation studies were perfonned 2-3 days after confluenee of RBE4 

cells, 10 min after addition of Na-fluoreseein (50 ~M), ["C]-sucrose (0.1 ~Cil2 ml PBS) 

andlor ['H]-diehlorkynurenic acid (0.1 ~Cil2 ml PBS) 10 the top of the filter inserI. 

Fluorescence (Au e= 488 nm, A~m= 512 nm) or radioactivity (scintillation measurement) were 

detemlined in sampies from both donor and reeeptor chamber (Merlseh et al. 1997). During 

ineubation, eells were kept at 37° C and 30 rpm (Cerlomal, Braun Melsungen, Gennany). The 

penneabilily eoeffieient was calculated according to Dehouk et al. (1995). The clearanee 

volume was ealeulated by dividing the amaunt of campound in the reeeptor ehamber (tower 

compartmcnt) by the eonccntration in the donar chamber (upper eompartmcnt). The average 

volume cleared was plotted versus time. The slope of the clearance curve was denoted Pt, 

where P is the penneability surface area produet (in mllmin). Thc slope ofthe clearanee curve 

for the conlrol filter (only astrocytes at Ihe filler downside) was denoled PIe. P was ealculated 

from 11P=IIPI-I/Plc. and divided by surface area of fillers: 4.2 cm' (Falcon-filters) 10 gel 

endolhelial penneability (Merlsch el al., 1997). 
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Cytotoxicity. The neutral red assay (Borenfreund & Pliemer, 1985; Mertseh et al., 1995) was 

used to detennine toxieity of a test substanees. RBE4 (8xlO'/em') and AC (2xl0'/em' ) wcre 

seeded on 24-well plates; toxicity in eocuItlire was studied with RBE4 growing on filters and 

AC growing on the bottom of the same weil as dcseribed above (see eoculture). After 24 h, 

each substance was added in different eoncentrations (24 h incubation, 4 wells/eoncentration, 

4-6 plates per substance). Cells were washed with PBS, incubated with neutral red (50 ~g1ml 

in Hams FI0/u-medium with 10% FBS, 2 h at 37°C), and washed again. The dye (absorbed 

by viable cells only) was extracted (50% ethanoV50% a.d., 10 min shaking) and measured at ').. 

= 540 nm using a mierotiter plate reader (Cambridge Teclmology 7500, USA). The inhibitory 

concentration of a compound, reducing the viability by 50% (JC" value), was calculated from 

the linear part of the eoncentration response eurve. 

Cytopl'otection. For protection studies, 6-weIl plates were seeded as given for the 

cytotoxieity test. 72 h after seeding, ceIls were washed, and the test slibstance dissolved in 

PBS were added (1 1111) in non-toxie eoncentration. The solvents were: ethanol (0.1%, 

nimodipine), DMSO (0.5%, MK 801), BSA (0.05%, U83836E), ethanol (0.1%, NBQX), NNI 

(PBS), desferal (PBS), SOD (PBS). Cells were seraped off after 2h of hypoxia and 30 min of 

reoxygenation, and lipid peroxidation was detennined. For penneability studies, I ml of PBS 

was plaeed in the weIl before filters with 1 ml test substance were added. Following 30 min of 

hypoxia and 30 min ofreoxygenation, pemlCability measurement was perfonned as described. 

Hypoxia aod reoxygenation. Investigations were carried out on 6-well plates in a rotating 

water bath (37°C; GFL, Burgwedel, Germany). For the experiments, cells were washed twice 

with PBS (without glucose, pH 7.1).1 ml ofthc PBS was added to each ofthe 6 wells or fil­

ters. PBS was saturated with Nelson gas for 30 min before use (for the hypoxia group); pO, 

was 20 mm Hg before starting the experiment (Oxymeter, Oxi538, WTW, Weilheim, 

Gennany). For permeation shldies using the BBB model, plates were gassed with Nelson gas 

for 30 min (hypoxia) and with Carbogen during the following 30 min of reoxygenation. Each 

weIl was gassed separately. For the nonnoxic control, plates were kept in the incubator for 60 

min. For biochemical studies, the hypoxie period was prolonged (2 h) followed by 30 min of 

reoxygenation (eontrol incubation 2.5 h). For analysis of LPO, cells were seraped off in 600 

~I ofPBS (without Ca"IMg") immediately aUer reoxygenation and frozen in liquid nitrogen 

lIntil analysis. For penneation studies, filter inserts were immediately transferred from 
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hypoxia equipment (and the control from incubator) to prepared 6-well plates containing 2 ml 

PBS. Then, 2 ml ofPBS wilh Na-fluorescein was added to the top ofthe filter. 

AII"lysis of LPO and protein content. As a producl ofLPO, the content ofmalondialdehyde 

(MOA) was detennined. For this purpose, 400 ~ll ofcell suspension were mixed with 0.75 ml 

phosphoric acid (150 mM), 0.25 IllI thiobarbituric acid (42 IllM) and 0.1 1111 water, and boiled 

für 60 min. The reaction was stopped by cooling the sampIes in an ice batll. An equal volume 

ofNaOH solution (4.5 IllI NaOH in 45 .5 ml melhanol) was added inunediately before analysis 

on a Shimadzu HPLC (LC-IOA, Kyolo, Japan) equipped wilh a specirofluorollleiric delector 

RF-IOA and a HPLC colmIDl Supeleosil 150x4 rnrn LC-18-S (Supeleo, Sigllla-Aldrich, 

Deisenhofen, Gemlany). A 50 IllM potassiulll phosphale buffer solulion (pH 6.8) with 40% 

methanol was uscd as eluent (Mertsch et al., 1995). The standard was malondialdehyde­

bis(diethylacetal). Preccding experimenls were perfonned under control conditions (using 

PBS only in the absence and presence of cells, respectively) in the presence and absence of 

the substances to exclude interference of the compounds investigated with the MDA assay. 

Pro tein detennination was perfonned by a Lowry Kit (p5656) Sigma} Deisenhofen} Gennany). 

Test fol' 'OH-scavenger activity. Components of the test syslem were 10 mM DMPO, 

0.05 mM FeSO" 0.1 mM HP" 14 mM HCI, 93 mM NaCI, 1.24 M pyridine. EC" is defined 

to be the concentration of the test compound that inhibited the eleclron spin resonance (ESR) 

signal intensity of DMPOrOH by 50%. The tested compounds were dissolved in NaCI or 

pyridine according to their solubility. The reaction was started in the presence of the 

compounds tested by addition of ferrous ions. Percerltage values of signal inhibition were de­

tennined as the mean of 3 independent concentration-response curves, the relative deviation 

of the mean value was :S 15%. 

Test fol' 'O,--scavenger activity. Components of the test system were 0.4 V/mi xanthine 

oxidase, 13.67 mM HCI, 0.4 mM hypoxanthine, 1.24 M pyridine, 7.4 mM NaCI, 1.0 IllM 

DET AP AC and 0.1 M DMPO. The tested compounds were dissolved either in NaCI or 

pyridine according to their solubility. The reaction was started in the presence of the testcd 

compounds by addition of xanthil1e oxidase. The '02,--scavenging activity was quantified by 

the decrease of ESR signal intensity (Iow-field !ine) of the DMPO superoxide adduct 

(DMPOrOOH); the EC" value cOlTesponds to half-maximum inhibition ofDMPOrOOH for-
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mation. Percentage vallIes of signal inhibition were detemlined as the mean of 3 independent 

concentration-response curves, the relative deviation oft he mean value was $; 15%. 

ESR spectl'oscoPY' ESR experiments were perfonned at reom temperature lIsing a B11Iker 

ECS 106 X-band speclromcter (Karlsnlhe, Gennany; equipped with a high sensilivity 

reclangular-mode cavily ER 4102 ST). The following standard condiliolls were used: modula­

tion frequency, 100 kHz; modulation amplitude, 0.1 mT; field set, 347.5 mT; scan range, 

10 mT; microwave power, 20 mW. 

Statistics. If not stated otherwise. statistics were perfonllcd with Man-Whitney test using the 

program Sigma-SIal (Jandel Co., San Rafael, CA, USA). Toxicily lesls were calculaled using 

Hill-kinelics (4 parameIers, Sii9na SIal). 

Reslllts 

111 vitro-models of tbe blood-brain barrier. Five different models were developed and 

compared regarding Iheir applicapabilily as an ill vitra-model of Ihe BBB (characterization of 

paracellular tighlness). Table 1 shows the penneabilily coefficicnls Ihrough Ihe respeclive 

endolhelial monolayers for different markers impenncable inlo Ihe brain. The lowesl 

penneability was achieved using the coculture model of primaty porcine BEC and AC grown 

Oll opposite si des of Ihe filter (cellular contacl via filter pores); similar pelllleability 

coefficients were fOlUld far fluorescein. sucrose and dichlorkynurenic acid. The TEER of this 

model was 358±39 Ocm2
• Nearly the same tightness was obtained by using subcultivated 

porcine BEC or imlllortalized rat BEC clone (RBE4), when cultivatcd wilh AC on Ihe same 

filter. The TEER was delennined 10 be 416±27 Ocm' for Ihe model with RBE4 and AC, 

grown on the IWO sides of Ihe filter. Lower lightness/higher penneabilily were observed in 

filter-cultivaled monolayers of RBE4 or porcine BEC, when AC were cultivaled Oll the 

boUom of the same weH. However, these cocultures showed lower paracellular penneability 

as compared to the respeclive monocultures. 
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Table 1: Penneability cocfficicnts (P) for sodium fluol'esceiu, (1 4CJsucrose atHl 
('H(dichlorkYllllrenic ncid (DKA) for different ;11 \';11'0 models of tbc blood­
braiu-barrier. 

model P (xl O~ cm/mio) P (xl O~ cm/mill) P (xIO~ cm/min) referellce 
Na-fluorcsceiu ("C1sncrosc ('H(DKA 

PBEC/AC-fiIter 4.2±O.4 6.2±0.9 2.3±0.3 Giese et aLl 
1995 

BBEC/ AC-weil 7.5 3.7(illulin) Dehonk et al., 
1995 

BBEC 19.0 9.8 Dehouk et al., 
1995 

RBE4/AC-filter 6.60±0.85 4.58±0.66 6.65±0.90 
n=8 n=7 n=7 

RBE4/AC-well 13.14±0.86 14.53±1.06 13.65±0.56 
n=16 n=5 n=5 

BEClAC-filter 9.20±1.65 8.70±0.95 5.40±1.50 
n=3 11=3 n=3 

BEC/ AC-weil 7.30±1.79 19.0±1.05 9.70±0.25 
n=3 n=3 n=3 

PBBC, porcine primary brain endothelial cells; AC, astrocytes; BBEC, bovine brain 
endothelial cells; RBE4, immortnlized rat brain endothelinl cells; BEC, subcultivated porcine 
brain endothelial cells in 10th passage; AC-filter, astroeytes cultivated on the filter; AC-weil, 
nstroeytes cultivated on the bottom ofthe 6-well-plate. Mean±SEM. 

RBE4 und subcultivated poreine BEC (data not shown) expressed Factor VIII, yOT and ALP 

to a lower degree as fOllnd in primary rat or porcine BEC. Therc was a higher expression of 

ALP and yOT in BEC (10th passage) as compared to RBE4 (45th-50th passage). 

Cocultivation of RBE4 and AC on the two sides of a filter (cellula! contact) led to a 

significant increase in ALP and yGT compared to the coculture with AC on the boUom ofthe 

same weil (no cellular contact). In parallel, a decrease was observed in the penneability by 

approx. 100%. The effect of other cell types grown on the bottom of the same weil was also 

investigated in the coculture using filters with cellular contact. There was an enhancement of 

the expression of ALP and yOT by pericytes, mieroglia and in partivular by oligodendroeytes 

under these eonditions. However, neither the penneability nor the TEER ehanged 

considerably (Table 2, data regarding TEER not shown). 
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Table 2: Compul'isoli of diffel'ent in llitl'O BßB models. 

Model Pcrmcability y-Glutamyl- Factol' VIII Alkaliuc 
tl'anspeptidase Phosphatase 

RBE4 solo 288% + ++ + 

RBE41 100% ++T ++ ++T 
AC-filter 
RBE41 199% ++T ++ ++T 
AC-weil 

RBE4/AC- 100% +++1 ++ ++T 
filter+oligo (AM) 
RBE4/AC- 100% ++++iT ++ ++T 
filter+oligo (OM) 
RBE4/AC- 100% +++1 ++ ++T 
filter+PC 
RBE4/AC- 100% +++1 ++ ++T 
filter+MG 

RBE4/AC-well, astrocytes growing on 6-well; RBE4/AC-filter, astrocytes growing on filter 
upside down; RBE4/AC-filter+oligo (AM), astrocytes growing on filter, oligodendrocytes 
growing on weil with astrocyte medium; RBE4/AC-filter+oligQ (OM), astrocytes growing on 
filter, oligodendrocytcs growing on weil with oligodendrocyte 'medium; RBE4/AC-filtcr+PC, 
astrocytes growing on filter, pericytes growing on weIl with astrocyte medium; RBE4/AC­
filter+MG, astrocytes growing on filter, microglia growing on weIl with astrocyte medium. 
t increase due to coculture 

Cocultivation with AC also enhanced the activity of ALP (Fig. la) and ofyGT (Fig. Ib) in 

RBE4 and in snbcultivated porcine BEC. 

Cytotoxicity. Table 3 presents data on the toxicity of standard substanccs (frequently applied 

for studies of cytotoxicity and neuroprotection) in monocultures of RBE4 and AC, 

respectively, and in cocultures of both. The highest ICso-value was found for ethanol 

(submolar raoge) whereas U83836E showed the lowest valuc (submillimolar range). 

Monocultures of the cells seemed to be more vulnerable than cocultures both of RBE4 and 

AC, as demonstrated using MK 801. 
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Fig. 1 a: Content of alkaline phosphatase in 

poreine brain endothelial eells (J Oth 

passage) and RBE4 in mono- (so) and 

coculture with astrocytes, growing at thc 

other side of the filter (co) and at the bottom 

of the 6-well-plate (+). n=6, mean ± SEM, 

* significantly different as compared to 

monoeultures (p<0.05). 

Fig.lb: Content of y-glutamyltranspeptidase 

in poreine brain endothelial eells (J Oth 

passage) and RBE4 in mono (so) and 

coculture with astrocytes, growing at the 

other side ofthe filter (co) and at the bottom 

of the 6-well-plate (+). n=6, mean ± SEM, 

* significantly different as compared to 

monoeultures (p<0.05). 

Radienl scavengcl' activity. As shown in Table 4, there were strang differences in the ability 

of the eompounds tested to aet as radieal seavengers. The highest potential for inhibition of 

the formation of DMPOrOH was found for U83836E (approx. 3 orders of magnitude more 

effective as compared to mamütol). ather compounds did llot exert any radieat scavcnger 

activity (tetrodotoxin, Ca2+- antagonists) cr the ECso-value was within the cytotoxic 

eoneentration range of the respeetive eompound (NBQX, MK 801). Only nisoldipin was 

found to exert a low inhibitory aetivity on the formation ofDMPOrOOH. 
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Table 3: Cytotoxicity of toxicological standards and Ileuroprotective agcnts in 1110UO­
.ud cocuUures ofbraiu eudotheli.1 cells (RßE4) .nd astrocyles (AC) 

substal1ce monocultul'e cocultllre 

COllcclltl'a· Cytotoxicity 

JC" (mM) tiou tested relative to 
(mM) ltlonocultlll'C (%) 

RßE4 AC RßE4 AC 

Stalldards 

Ethauol 366±186 629±25 600 14% 10% 

Acetylsalicylic acid 9.51±1.44 24.0±0.6 10 41% 26% 

4-Acetamidopheuol 5,49±1.57 2,44±0,45 

Amitryptiliu 0.047±0.002 0.043±0.01 

Nelll'oprotective 
agellts 

U83836E 0.032±0.001 0.050 0.03 69% 31% 

Nirnodipiu >0.200 >0.200 

MK801 0,469±0.0 15 0,418±0.007 0,4 4% 44% 

NBQX 0.350 0.350 

Mean±SEM. 

Cellular iujury after hypoxia/reoxygeu.tion. After 2 h of hypoxia followed by 30 mil! of 

reoxygenation, the cellular content ofr.ADA (indicating radical-induced lipid peroxidation and 

lipid membrane injury) increased in RßE4 cells from 0.76±0.02 nmollmg protein (normoxic 

control) 10 2.60±0.04 nmollrng prolein, in AC from 1.24±0.04 nmollmg prolein to l.70±0.08 

nmoVmg protein. RBE4 were more sensitive than AC, exhibiting, in contrast to AC, 

accumulalion of MDA already upon hypoxia (Fig. 2). The permeability coeflicienl for 

fluorescein increased four- to five-fold already after 30 min hypoxia and 30 min 

reoxygenalion when compared 10 the conlrol cells kept in incubalor (Fig. 3). 
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Fig. 2: Effect of the lazaroid U83836E on 

lipid peroxidalion in RBE4 and astrocytes 

following hypoxia (95% N,I 5% CO" 2h) and 

reoxygenation (95%0,l5%CO" 30 min). 

Mean ± SEM, 11=6. Reoxygenation is signifi­

cantly different as cornpared 10 control 

(p<0.05), • statistically sigllificant as 

compared to reoxygenation (p<0.05). 

Cytoprotective cffeCIS of ncuroprotective agents and radienl scavcllgers. Fig. 3 presents 

data on protective cffects oftest substances with different modes of action on the pemlcability 

of the BBB model after a short-time hypoxia (30 min) and reoxygenation (30 min). U83836E 

significantly prevented the increase of penneability after reoxygcnation in the model using 

RBE4 cocultivated with AC on the two sides of the filter as compared 10 untreated cocultures 

after reoxygenation. Protective effects were also found for SOD, the iron chelator desferal and 

the nitronyl nilroxide NN I. MK 80 I, nimodipine and NBQX did nOI prolecl againsl Ihe 

penneability increase following hypoxia/reoxygenation. Moreover, there was an inhibition of 

Ihe posthypoxie increase in Ihe MDA conlenl ofRBE4 in Ihe presence ofU83836E (Fig. 4). 

Fig. 3: Effects of nenroprolective agenls and 

radical scavellgers on pemleability changes in 

Ihe RBE4/AC coculture model due 10 hypoxia 

(95%N,I5%CO" 30 min) and reoxygenalion 

(95%0,1 5%CO" 30 min). Mean ± SEM, 

n=3-6. Reoxygenation is significantly 

differenl as compared 10 conlrol, p<O.O I, 

* significantly different as compared to 

reoxygenalion, p<0.05. 

Test sltbstallces: U, U83836E (1 ~IM); M, MK801 (10 ~M); N, nimodipinc (10 ~M); S, 

superoxide dismulase (50 U/ml); 0, desferal (0.8 mM); NB, NBQX (10 ~M); NI, 4,4,5,5-

telramelhyl-2-(4-lrimelhylanunoniophenyl)-2-imidazoline-I-oxylmelhyl sulfale (I 0 ~M). 
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DisCllssioll 

In stroke, the BBB is opencd within the first hours after the onset ofthe injury. The damage in 

the core of the infareted region is ofien irreversible al ready after the first hour. However, in 

the penumbra a potential protection secms to be possible, and the eells of this region may 

respond to phannacological treatment. It is an important aspect of ischemic processes in the 

brain that ischemic intervals may result in severe deteriorations of neuronal function many 

hours after Ihe begin of Ihe dislurbances. Therefore, Ihe developmenl of proleclive slralegies 

for Ihe BBB may help 10 improve Ihe Irealmenlof slroke. To model Ihe ischemic BBB 

without cerebral or vascular influences for phannacological investigations, a suitable cell 

culture system is neeessary. 

Table 4: Radieal scavenger acHvity of stAndard antioxidants and neuropl'otcctive agcuts 

Anlioxidative activlty lowards 

Compound -°1- 'OH 

EC"ü,M) EC"ü'M) 

superoxide dismutase 0.008 not detemüned 

MnCl, I not detennined 

troxemtin 300 not detennined 

NN 1 22' not dctennined 

mannital not detennined 1300 

a-tocopherol not detennincd 1650 

U-83836E nol deleclable • 5.0 

MK801 - 4000 

Nimodipin nOI deleclable nol deleclable 

Nisoldipin 200 not deleclable " 

NBQX - 55 

Tetrodotoxin not detennined nol deleclable ". 

Cysteine 460 9.7 

Radical scavenger aetivity was "not detectable" when precipitation of the compound from the 
solvent mixture prevented measurement at high er concentrations. 
. small activity at concentrations ~ 500 ~M, •• sm all activity at concentrations ~ 5 mM, ... no 
aclivily up 10 5 flM , I value recalculaled from dala given by Haseloff el al., 1997 
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Bßß models. The present study compares the tightness of different ill vitro models of the 

BBB. Pelmeability coefficients of standard substances, frequently used in BBB studies and 

impemleable to the brain, are comparable to the results ofDehouk ct al. (1995) investigating 

models with BEC on the filter and AC on the bottom of the same weil. The lowest 

penmeability is aehieved when BEC and AC are eoeultivated separatelyon the opposite sides 

of a filter. Primary BEC seem to be superior coneeming the tightness eompared to 

subcultivated and immortalized cells, respectively. However, isolation ofprimary cells is time 

consumiog aod results in cells with low proliferation rates. It is known that BEC (and even 

primary eultivated cells) undergo dedifferentiation in eulture (pardridge et al., 1990). Coculti­

vation with AC may reduce this dedifferentiation and may prevent the loss of a variety of 

proteins and reeeptors speeific far the BBB (DeBault and Caneilla, 1980; Joo, 1992; Dehouk 

et a\., 1990). Therefore, the best eOlupromise for modeling the BBB is the use ofBEC lines in 

coculture with AC allowing celllllar contacts through the filter. If necessary, for instance for 

certain biochemical shldies and to exclude cell contacts, coculture of AC at the bottom of the 

same weil also results in suffieiently tight monolayers ofBEC. 

Poreine BEC (10th passage) ean easily be eultivated in large amount. They express markers 

specific for the endothelium ofthe brain, being more pronounced compared to those ofRBE4. 

However, the properties of the porcine cells are not stable during further passages. RBE4 are 

more susceptible to changes of cultivation conditions (media, SCnlm, coating). The low per­

meability coefficients for the coculture with AC is maintained for a limited time (1-2 days). 

REE4 cells are inmlortalized ceIls with a higher proliferation rate as compared to the porcine 

cell line. An advantage of RBE4 is the stable cultivation virtually without limitation: the 

markers ALP, yGT and Factor VIII are present at least up to the 58th passage, although to a 

lower degree than in the 43th-50th passage used here for the experiments. Primary BEC and 

the subcultures have to be characterized far each preparation and subcultivation, respectively. 

In conclusioll, astahle cell line or cell clone, such as the RBE4, with a sufficient degree of 

differentiation and good proliferation properties are reconunended to be used as a cell culture 

modelofBBB. 

A 3-cell system has been established to Shldy the influence of speeilic cell types occuITing in 

the sUITounding ofthe BBB ill vivo. For that purpose, pericytes, microglia or oligodendrocytes 

were cuItured at the bottom of the weil containing the filter membrane carrying BEC/AC. 
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This system is very difficult to maintain. Pericytes, oligodendrocytes and microglia have to be 

used as primary cells. However, their isolation is very time consuming and their growth 

characteristics are different from those of BEC and AC. Therefore, it is not possible to 

establish this 3-cell coculture pennanently, because it is very difficult to handle the time 

sehedules of the different elilture in a reprodlleible malmer. Permeability and TEER are not 

ehanged in any ofthe 3-cell models. However, the expression of ALP and ofyGT is improved 

in the BEC. The latter, localized at the luminal and abluminal part of the cell membrane, is 

assumed to be of relevance for the transport function from blood to brain (Frey et al. 1991; 

Dehouk et al. 1997). 

Fig.4: Lipid peroxid at ion in RBE4 

100 and AC after hypoxia (95%N,I5%CO" 
C-
o 2h) and reoxygenation (95%O,l5%CO" 'C • n, • 80 n, 
c 

T :'. T 30 min). Co, control (nonnoxia); U, 
~ 
0 

60 e addition of 10 11M U83836E; R, 
~ 
0 

~ hypoxia/reoxygcnat ion. Mean ± SEM, ~ 40 -< 
" n~5. * significantly different as :. 

20 
compared to control, p<0.05. 

0 
Co U R U R U 11 U 

RBE4 Aslrocytts 

Hypoxia and reoxygcnation injury. BEC are highly sllsceptible to aClite oxidative it~lIry 

(Granunas ct al., 1993; Mcrtsch et al., 1995). Hypoxia and reoxygenation rcsult in opening of 

the different coculture (AC) models ofthe BBB. This is consistent with earlier reports (Giese 

et al., 1995). During hypoxia and reoxygcnation, BEC and AC as weil may release high 

amounts of H,O, (Kondo ct a\., 1996) and superoxide (Terada, 1996) whieh is 

disproportionated to H,O, by SOD. By this means, SOD decreases radieal-mediated 

processes, however, a sufficient catalase activity is essential (Zöllner et al., 1997) since H20 2 

seems to be an important mediator of oxidative injury (HOlWitZ et a\., 1996). Adhesion of 

eireulating neutrophils to endothelial cells as a IesUIt of pathologieal processes, such as 

ischemia and reperfusion, can arnpJify oxidative stress via additional fonnation of H10 2, 

hydroxyl radicals and superoxide (Siflinger-Bimboim ct a\., 1993; von Asmllth ct a\., 1995). 
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Transient changes in the organization of the cytoskeleton caused by ROS were observed in 

endothelial cells and led to allgiogenic response, reduetion of pemleability and fonnation of 

inlraeellular gaps (Haslie et al., 1997; Crawford el al., 1996). 

The RBE4/AC model wilh eells eultivated on Ihe two sides of a filter has been uscd for 

reoxygenation experiments. Thc eontent of MDA is increased in both RBE4 and AC, 

indieating lipid peroxidation and membrane damage (Mertsch et a1., 1995). These processes 

are initiated by free radieals generated during hypoxia/reoxygenation of RBE4 eells (Mertseh 

et al., 1997). The suseeptibility of BEC to reoxygenation-mediated injury is greater as 

eompared 10 AC, probably due to a more potent endogenous radical defenee of AC. The 

penneability coefficient increases after short~time hypoxia and reoxygenation about five-fold. 

These alterations and the changes in the eontent of MDA enable experiments to investigate 

substanees thought to be proteetive against injury eaused by hypoxic conditions. 

Test for radieal scavcngcr activity und cytotoxicity. For estimation of the non-toxic 

concentration range of a cOlllpound to be tested in cytoprotection studies, it is neeessary to 

determine its cytotoxieity. The results demonstrate that BCE should be used for this purpose, 

whieh generally seem to be more vulnerable against unspecifically aeting agents. Howcver, 

substances specifieally influencing receptors of AC, such as AMP A receptors (i.e. NBQX) 

should be tested in this cell type, too. In general, cytotoxicity tests are not necessary in 

coculture because the sensitivity is decreased under eocultivation conditions. It has been 

shown that coneentrations of an agent below 10% of its ICso-value estimated in the toxicity 

test can be used for cytoprotection studies. As ROS playa palhogenic role in oxidative slress 

the radieal scavenger activity of an agent ean be of additional therapeutic bellefit and should 

be tested. For this purpose, an ESR spin trapping test has been developed. 

Test for cytoprotection. '02- was showl1 to be an important factor increasing the paracellular 

permeability in a monolayer of BCE, suggesting oxidant-dependent meehanisms of barrier 

injury (Shukla et al., 1993). H,O, exerted noxious effeets on cells and cellular matriees and 

caused LPO, DNA strand breaks and protein oxidation (Floyd, 1990). In the present study, 

SOD very effeetively protected the il/ vitra BBB from bamer opening due to hypoxia/ 

reoxygenation-indueed injury. Protective effects of SOD following hypoxia were found in 

viva (Ercan et al., 1992), for hippoeampal slice eultures (Horakova et al., 1997) and il/ vitra in 
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peripheral endothelial cells (Palluy ct al., 1991) and neurons (Kinoshita et al., 1991). Aner 

hypoxia and reoxygenation. the activatcd arachidonic acid caseade and the Ca2+-induccd 

conversion of x3nthine dehydrogenase to xanthine oxidase may producc increasing amounts 

of superoxide (Betz et al., 1993). In general, ROS may open BBB and radieal scavenger may 

effectively prevent breakdown ofBBB due to hypoxialreoxygenation. 

The pool of cytotoxic ferraus ions was reported to be increascd during postischemic 

reperfusion injury ill vivo (Voogd ct a1., 1992) enabling Qccurrence of the Fenton reaetion. 

Subsequent radiea! rcactions are involved in oxidative protein damage (Caraceni ct al., 1997). 

Thus, chelating agents may reael in a protective malmer. Indeed, the penneability increase is 

reduced by the chelator desferal during hypoxia/reoxygenation, supporting the involvement of 

Fe2
+ in the hypoxia-injured BBB. The protective effects of desferal and SOD against oxidative 

stress are in good agreement with previous results in hepatoeytes (Lefebvre et al., 1995) and 

human umbilicial endothelial cells (Shatos et al., 1990). 

The nitronyl nitroxide NNI protects both vi ability (preliminary experiments, data not shown) 

and tightness of BEC during hypoxialreoxygenation. NNl, originally designed as NO 

seavenger, effeetively reacts with '0,- (Haseloff et al., 1997). It is coneluded that the 

protective effects ofNNI observed here are due to a SOD-mimetic activity ofthis eompound. 

The highest protective activity is found for U83836E, a compound containing a chromanol 

ring similar to a-toeopherol (Hall, 1994). The antioxidative aetivity of this lazaroid was 

eonfirmed by high radieal seavenging aetivity as detected by ESR speetroseopy, reduction of 

LPO both in BEC and AC during hypoxialreoxygenation, and reduced reoxygenation-indueed 

permeability inerease of the RBE4/AC model. The enantiomer of U83836E, the derivative 

U78517F exerting a similar radical scavenger activity, is also protective in vivo with respect to 

LPO, ederna fonnation aud protectiOll on BBB after cerebral isehemia (Hall et al., 1991; 

McIntosh et al., 1992). This underlines that, rather than speeific receptor-mediated 

mechanisms, the inhibition of radical-induced processes is rcsponsible for the 

eerebroprotective action ofU83836E (Hall et al., 1991). 

Oxidative stress enhanees Ca2
+ influx into the eell, further disturbing cell funetion (Doan et 

al., 1994). High intracellular Ca2t eoncentrations severly disturb Calt ·regulated processes and 
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may lead to ccll death (Disterhofi et al., 1993). The protectivity ofthe Ca" channel antagonist 

nimodipine was shown in neurons following depolarization (Baer et al., 1993), kainate 

toxicity (Gepdiremen et al., 1997) and ill vivo during ischemia (Lemons ct al.. 1993; Ichihara 

et al., 1996). However, there are contradictory results ill vivo (Calle et al., 1993). In the 

present study, protective effects were not found for the Ca2
+ antagonist nimodipinc at the in 

vitro BBB. This result could be explained by reports in the literature indicating that there are 

effects exerted by nimodipine wh ich are different from its influence on Ca2+ homoeostasis 

(Lcmons et al., 1993, Danks et al., 1992). 

The NMDA recerlor antagonist MK 801 was reported to diminish hypoxia-induced 

dysfunction of neurons in hyppocampal slices (Domenici et al., 1993; Barth el al., 1996) and 

ill vivo (De Riu el al., 1995; Katoh et al., 1997). This effect is attributed to areaction at the 

glycine-site of the NMDA receptor which is excessively stimulated by hypoxia (priestley et 

al., 1990). Moreover, blockade of Ihe I-type Ca" is discussed 10 protect neurons in 

hippocampal slices because AMP A and kainate-induced neuronal toxicity has been prevented 

without any action al the NMDA receptor (Schuff el al., 1995). In the presenl study, MK 801 

does not exert any protective effects at the il/ vitra BBB based on inunortalized BEC. 

Protection was found by MK 801 against the hypoxiaJreoxygenation-mediated increase of 

pemleability (Giese et al., 1995) using a coculture model of primary porcine BEC and AC. 

This contradiction may result from the 10ss ofNMDA receptors in RBE4, which can be found 

in primary BEC (Koenig ct al., 1992). On the other hand, BEC injured by hypoxia are 

prolected by MK 801neither conceming viability, LDH release nor energy loss (Gobbel el al., 

1994). This agrecs with additional experiments which did not show any reduction of LPO 

caused by hypoxiaJreoxygenation in thc presenee ofMK 801 using different BEC. 

For NBQX, no prolection of tightness is found in the BBB model. NBQX is an AMPA 

receplor antagonist providing protectiOll 10 neurons (Lippert et al., 1994). However, this 

eompound also failed to proteet BEC from hypoxia-indueed injury in other studies (Gobbel et 

al., 1994). 

In summary, results presented suggest a participation of ROS in opening of the BBB due to 

oxidative stress. The breakdown of the barrier after hypoxiaJreoxygenation is reduced very 

effectively by the radical-scavenging lazaroid 1,183836E, the SOD-mimetie nitronyl nitroxide 
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NN I, the iran ehelator desferal and by SOD itself indicating therapeutic applications of 

antioxidants to mainta ill the integrity of the BBB during cerebral ischemia. SOD and desferal 

have beeIl shown for the first time to prolect the BBB in vUro from radical-induced opening. 

80th nitroxides and lazaroids are new approaches to protect BBB from penllcability 

disturbances indueed by ROS. In eonelusion, the test system developed in this study a\lows to 

seleet new protective agents preventing functional and biochemical disturbances of the BBB 

against ischemic injury \mdcr special cOllsideration of ROS . Moreovcr, the models of the 

BBB introdueed here provide the possibility to study the penneability of low-moleeular 

weight cOIupounds faund to be activc in neurophannacological investigations. 
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Summary 

While the majority of research toward the understanding of ischemic damage 
(and protection from that damage) has been directed toward neurons, the remaining 
85% of the brain's eell populations consist of glia. The major classes of glial cells, 
namely astrocytes, ollgodendrocytes and microglial cells were compared in parallel for 
their susceptibllity to damage after combined hypoxia and hypoglycemia or hypoxia 
alone. The three glial cell types were isolated from neonatal rat brains, separated, and 
incubated in N2/C02-gassed buffer contalning glucose or glucose substitutes, 2-
deoxyglucose or mannitol, both non-metabolizable sugars. The damage to the cells after 
6h exposure was determined at 0, 1, 3, 7 days based on lactate dehydrogenase (LDH) 
release and counting of ethidium bromide (EtSr) stained dead cells, double-stained wlth 
eell-type speeific markers. 

Depending on the length of exposure and the glucose substitution, each glia cell 
type exhibited seleetive vulnerabllity to either combined hypoxia and hypoglycemia or 
hypoxia alone. Prlmary cultures of rat oligodendrocytes were the most vulnerable to cell 
damage and death after exposure in all conditions tested. Purified astrocytes exhlbited 
litUe eell death under all these conditions while microglia survival rates varied depending 
on the time and glucose substitute. The neuroprotective agent, U83836E, exacerbated 
the damage in glla after exposure to hypoxia and hypoglycemia at all concentrations 
used. The AMPA receptor antagonist, NSQX, decreased LDH release in both 
oligodendrocytes and astrocytes although it did not affect the overall survival rates. In 
conclusion, the results from these studies show that oligodendrocytes, then mlcroglia are 
the most vulnerable glial eell types in response to hypoxic and/or hypoglycemie 
conditions while astrocytes from the same preparations survive and that glia responses 
to various neuroprotective agents are also selective. 
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Introduction 

All brain cells absolutely require oxygen and glucose among many other crucial 
lactors necessary lor survival and to carry out normal lunctions. The pathologies 
created alter oxygen and glucose deprivation in local and global lorms 01 ischemia, such 
as stroke, heart attack, hYPoxia, etc., indicate that subsets 01 neurons are the most 
sensitive elements and are destroyed on the lront line 01 injury. Later, other neurons 
undergo delayed neuronal cell death mediated by glia (Giulian and Vaca, 1993). Glial 
cells are thought to resist ischemic death, based mainly on the studies 01 cultured 
astrocytes (Kelleher et al., 1993; Swanson et al., 1993) and immunostaining studies 01 
astrocytes and microglia after cerebral stroke (Endoh et al., 1994; Morioka et al., 1993; 
respectively). However, all brain cells are affected even il they survive the initial 
damage. The in vive events initiated after ischemic episodes involve edema, breakdown 
01 the blood brain barrier, invasion 01 leukocytes, depletion 01 ATP, production 01 nitric 
oxide (NO), lormation 01 oxygen radicals and changes in ion concentrations affecting the 
buffering 01 potassium, calcium regulation and pH. In addition, there is release 01 
cytokines, proteases, neurotransmitters and excitatory amino acids- primarily, glutamate. 
Astrocytes and microglia cells are activated and known to contribute in a myriad 01 these 
processes. 

Astrocytes that bridge between the vascular system, neurons, and themselves 
detect perturbations . in the microenvironment and undergo changes involving 
morphology, prolileration and pathology, such as gliosis (Ior review see Eddleston and 
Mucke, 1993). Endothelial cells at the blood brain barrier lose the integrity 01 tight 
junctions thus allowing blood-born cells to invade the brain tissue. The inliltrating blood­
born macrophages, in concert with the resident microglia, und ergo morphological and 
lunctional changes and migrate to the site 01 injury, which is described as 'activation'. In 
addition, these immuno-competent cells, including macrophages and microglia mount an 
inllammatory response (Ior review see; Kreutzberg, 1996). The response 01 the third 
major glial cell type, the oligodendrocyte, has not been clearly delined. However, their 
vulnerabitity seems likely since ischemia damages white matter, as weil as gray matter. 

The direct effects 01 oxygen and glucose deprivation on individual cell survival 
can be best tested in vitra. Indeed, it is nearly impossible to discern cell-type and 
specilic lactor contributions alter injury without attempts to simplily the brain 
environment. Moreover, cultures 01 purilied glial cell types 01 the mammalian brain have 
not been simultaneously or rlgorously investigated. In the present study, we made use 
01 protocols to isolate the three major glial cell types 01 the brain: oligodendrocytes, 
astrocytes and microglia. The cells were purilied Irom the same material 01 neonatal rat 
brains and cultured as highly enriched populations. We employed ce li-type specilic 
markers to unequivocally identily the cells (see Methods). This approach allowed us to 
selectively test the individual glial cell types lor vulnerability after exposure to combined 
hypoxia and hypoglycemia conditions and begin to test neuroprotective agents. We are 
aware that such an approach is lar Irom the in vive situation. Such studies provide 
essential inlormation at the single cell level and may ultimately help to understand the 
complex interactions lollowed by ischemic damage in vivo. 
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Methods and Materials 

Gllal culture preparatlons. Cullures were prepared fram wh ale bralns of neonatal 
Wislar rals (Charles River Germany) in the mann er of McCarthy and deVellis (1980). 
Briefly, meninges were removed and Ihe dlssociated brain was trypsinized (1.0% trypsin, 
0.05% DNase (Worthington Biochem. Corp., Freehold, NJ, USA)) at room temperature 
in Hank's Balanced Salt Solution (HBSS) without Ca2+ and Mg2+. The tissue was 
washed twice with HBSS, resuspended in Basal Medium Eagle's (BME) containing 
DNase (0.05% and 0.25% glucose) and triturated through Pasteur pipettes to yield single 
cells. The cell suspension was centrifuged at 800 rpm for 10 mln at 4"C and washed 
twice with ice-cold HBSS. After resuspension in BME medium plus 10% heat­
inactivated horse serum (Gibco, Gaithersburg, MD, USA), cells of approximately two 
brains were plated per poly-l-Iysine coated (100llglml Sigma, DIesenhafen, Germany) 
culture flask (150 cm2) and incubated at 37"C In 5% C02 atmosphere. One day later, 
cultures were washed twice with HBSS to remave cellular debris and maintained in 
same medium as before for 7-14 days. After reaching confluence, microglial cells, 
otigodendrocytes and thelr early precursor cells develop on top of a monolayer of 
astrocytes. Microgllal cells were then dislodged by mild manual shaklng, removed by 
washing the cultures with HBSS, spun down and plated in DMEM plus 10% fetal calf 
serum (Giulian and Baker, 1986). Ollgodendrocytes were dislodged by strang manual 
shaking, spun down and resuspended In SATO (defined medium supplemented with 1% 
heat-inactivated horse serum, Bottenstein and Sato, 1979). Thls procedure was 
repeated every three to four days but not more than three times. Astrocytes were 
washed with HBSS, trypsinized, centrifuged, resuspended and maintained in BME 
containing 10% heat-inactivated horse serum. Cells were counted and plated onto poly­
l-Iysine-coated (20 Ilglml in phosphate-buffered satine) coverslips at densities of 3-5 x 
104 cells/coversllp (15 mm diameter). Cells were maintained for 4-6 days in 4-well Nunc 
culture plates with the 500 111 of appropriate medium. Without additional growth factors, 
the majority of precursors develop into oligodendrocytes that begin to mature within a 
few days. 

Hypoxia and hypoglycemia prolocol. All experiments were performed with the 
following assay buffer containing (in mM): 124 NaCI, 4.9 KCI, 1.3 MgSO.-7 H20, 2.0 
CaCI2-2H20, 1.2 KH2PO., 25.6 NaHC03, 10 glucose at pH 7.4 and frIter-sterilized. The 
hypoglycemic buffer was the same except the glucose was replaced by 10 mM 2-
deoxyglucose or 10 mM mannitol. 

Cells exposed to three different experimental conditions are schematized in 
Figure 1 A. 1. Comblned Hypoxia and Hypoglycemia: Glia deprived of both oxygen and 
glucose in the assay buffer represents the hypoxic/hypoglycemlc state. Glucose was 
replaced by either 2-deoxyglucose or mannltol. 2. Hypoxia: Cells deprived only of 
oxygen in the presence of glucose, represent the hypoxie state. 3. Hypoglycemia: Cells 
exposed to normal atmosphere but glucose-deprived by the substitution of 2-
deoxyglucose or mannitol In the buffer, represent the hypoglycemic state. 4. Contro/: 
Cells incubated with glucose and normoxic atmosphere represent the normal control 
state. Cultured glla exposed to hypoxia were placed in the gas-contra lied hypoxia 
chamber (Fig. 1 B) whlch, along with the cells under normoxic atmosphere, were placed 
in the incubator for 6 or 42 hours. 

In each experiment, coverslips exposed to hypoxia andlor hypoglycemia were 
always compared to contrals. Care was taken that the coverslips within one experiment 
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started out with a similar cell density and purity as judged by morphological criteria. 
After the experiment and at each time point, cells were stained with cell-type specific 
markers, described in Immunostaining Procedure section. Employing live and dead 
labeling techniques, we were able to selectively count the populations of live and dead 
astrocytes, oligodendrocytes and microglial cells. Additional experiments measuring 
lactose dehydrogenase (LOH) release yielded information about the stress the cells had 
encountered. 

The easily constructed non-commercially available hypoxia chamber was used for 
all hypoxia experiments (Fig. 1 B). This elosed system chamber fit into a standard cell 
culture incubator. A constant flow of NiCO, and 3rC were maintained throughout all 
experiments. 

Hypoxia and hypoglycemia were Induced under sterile conditions on cells in 4-
weil plates that had been rinsed !wice with buffer that had been gassed with 95% N,/5% 
CO, for a minimum of one hour. One hour gassing was sufficlent to remove 96-97% of 
the partial oxygen tension. Control buffer was gassed with 95% 0,/5% CO, for 1 hr. 
Under more stringent gassing for 4 hours or overnight, all but 0.3% oxygen tension could 
be removed as Indicated by a pO, meter (Oxi 320/Set WFW, Weilheim, Germany). A 
chemical test uslng resazurine, an oxygen-sensitive dye that changes color depending 
on oxygen content, was used to further confirm the absence of oxygen in the buffer after 
1 and 4h (Benndorf et al., 1991). Five to ten minutes was needed to change the medium 
to oxygen-free buffer, during which time the oxygen tension changed negligibly. The 
chamber was flushed with N2/C02 before the cells were placed into the fiow of the gas 
mixture. The open 4-well plates contalnlng cells on coverslips were placed in a shallow 
volume of 350 fll buffer. This assured a large surface area for gas exchange elose to the 
surface of the cells without danger of evaporation during the experiment. Once the cells 
were locked into the chamber and flushed again to remove oxygen, the closed chamber 
was placed into the 37'C incubator for 6h. Control coverslips were returned to the 
Incubator at the same time. 

At the end of the experiment, cells were removed from the chamber and 2 x 100 
fll supernatant removed from each weil for LOH ELiSA analysis. The remaining assay 
buffer was aspirated off and replaced by defined SATO medium with glucose but without 
serum, as this interferes with the LOH determination (Boehringer Mannheim LOH Kit 
recommendation). The remaining unstained coverslips were returned to normal 
atmosphere in the Incubator awaiting their time for live/dead determination. 

For the hypoxia-alone experiments, glial cells were placed in the hypoxie 
chamber for 6h or 42h, removed for elther Immediate staining of live and dead cells or 
returned to the normoxic incubator to assess the long term effects of the hypoxia insult. 
Culture medium appropriate for each cell type containing glucose and serum was used 
for hypoxie experiments assessing cell survival, based on counting only. This ensured 
that any changes observed would be from the effects of · hypoxia alone. In other 
experiments for hypoxia alone, the cells were in the buffer descrlbed above to determine 
the LOH release without serum. 

Immunostaining procedures. The purity of the cultures and identification of the glia 
were confirmed by staining with cell-type specific markers. The 04 surface antigen 
(Boehringer Mannhelm) was used to identify oligodendrocytes. Thls antigen recognizes 
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late precursor and mature oligodendrocytes of the oligodendrocyte lineage (for simplicity, 
we will refer to these cells as oligodendrocytes). After incubation with secondary 
antibodies, dichlorotriazinyl amino fluoresceln (OTAF)- or Cy3-conjugated fl chain 
specific (both from Oianova, Hamburg, Germany), cells were fixed wlth 4% 
paraformaldehyde for 10 min prior to embedding in mowiol (Hoechst, Frankfurt, 
Germany). These oligodendrocyte cultures were 80-90% 04+. 

Glial fibrillary acidic protein (GFAP from OAKO, Hamburg, Germany) was used to 
identify mature astrocytes. Cells were fixed with 4% paraformaldehyde for 10 min at 
room temperature. After rinsing, the primary polyclonal antibody agalnst GFAP diluted in 
PBS containing 0.1 % Triton, 1 % BSA, and 1 % normal goat serum was applied for 40 
minutes. After washing, OTAF- or Cy3-conjugated secondary antlbodies were applied 
for 40 min and mounted on coverslides. About 80% of cells In the enriched astrocyte 
eultures were GFAP+, the rest being immature GFAP- cells which were not counted. 

Fluoresceln Isothiocynate (FITC)-conjugated isolectin B4 from Griffonia 
simplicifonia (Boehringer, Mannheim) was used to identify microglla by direct labeling. 
Isolectin was incubated with mieroglla cultures for 15 min, rinsed, fixed and mounted as 
described above. The typical microglia morphology was the rounded, ameboid and flat 
pancake-like shapes easily distinguished from the 1 % and fewer of other cells present In 
eulture. 

Assessmenl of glla Injury. A Live and Oead Kit (Molecular Prob es, Leiden, 
Netherlands) was used to determine cell viability and cytotoxicity on glial cells after the 
hypoxia experiments In the presence of serum. Calcein AM was taken into live cells and 
remained as a marker for internal esterase activity and membrane integrity. At the same 
time, ethidium bromide homodimer-1 (EtBr), a nucleic acid stain, was taken into cells 
when the membrane was compromised. Each reagent was diluted tagether In the 
medium and applied to the eells immedlately after exposure to hypoxia or specified time 
points for 5 mln. The cells were fixed, mounted and counted later without lass of 
fluoreseence. The stainlng was stable for the times investigated. 

A LOH cytotoxicity kit (Boehringer Mannheim) was used to quantify cell 
cytotoxieity based on membrane permeability. Permeabilized cells .release a stable 
cytoplasmic enzyme, lactate dehydrogenase, into the supernatant as an indicator of 
belng damaged or Iysed. One advantage of this assay was the quick determination of 
total cellular damage compared to time-Intensive counting of individual eells. Another 
advantage was the ability to sampie the medium du ring a one week time course lrom the 
same cells. Optimal cell density of each gllal cell type was determlned for deteetion 01 
LOH under control conditions before plating the cells for the experiments. Aliquots 01 
supernatant were removed from wells at specified times and frozen for LOH assay. The 
amount of LOH released was then compared with these controls far each of the 
experimental condltions, tim es and cell types. As there was a continual lass In cell 
numbers during the week, the typical normalization procedure was not practical for these 
experiments. Ta determine total LOH content, OMSO can be applied to Iyse the 
remaining celts, but thls was impractical as OMSO does not allow celts to be stained and 
counted al the end of the experiments. 
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Results 

Ollgodendroeyles are vulnerable 10 hypoxie damage In Ihe presenee of 2-
deoxyglueose and mannllol 

Oligodendroeytes were demonstratively damaged when exposed to 6h eombined 
hypoxia and hypoglyeemia when glucose was replaeed with 2-deoxyglueose or mannito!. 
Immediately after the insult (t=O), nearly all eells (82 % +/- 5%, 390 01476 lor 2-0G and 
90% +/- 3% (478 01 529) lor mannitol) were EtBr+, indleating that they were dead. Oead 
04+/EtBr+ oligodendrocytes are shown (open arrows, Fig. 2) except lor one live 
04+/EtBr- cell (solid arrow, Fig. 2). Even the lew EtBr- cells underwent morphological 
changes: the extensive arborization 01 the processes, typical lor healthy 
oligodendrocytes, had deteriorated. The remaining coverslips were maintained lor 7d in 
the incubator in normoxic glucose-containing medium. At the end 01 7d, lew 04-labeled 
cells were present and 01 those, 90% +/- 4% (185 01 207 in 2-0G) and 95% +/- 1% (330 
01 347 in mannitol) did not survive. Many oligodendrocytes survived in the control 
cultures at 1 =0 and 7d (not shown), although the total number 01 cells decreased with 
time In culture. Cell survival percentages based on all oligodendrocytes counted are 
shown in Figure 3. LOH release increased compared to the controls immediately after 
the insult. Monitoring the LOH release after 1, 3, 7 days revealed LOH levels below 
control tevels (Fig. 3). This might rellect that only lew cells survived on the coverslips as 
a potential source to release LOH. The results lor oligodendrocyte survival and LOH 
release are similar under the mannitol conditions as weil . . 

Aslroglla reeover after exposure 10 eomblned hypoxia and hypoglyeemia in Ihe 
presenee of 2-deoxyglueose and mannltol 

Astroglia survived, as expected, after eomblned hypoxia and hypoglycemia 
treatment while In the presence 01 2-deoxyglucose or In mannitol (Fig. 4). After 6h 
exposure, GFAP+ cells (95% +/- 0.05%, 624 01 656 lor 2-0G and 99% +/- 1%, 1381 01 
1395 lor mannitol) were EtBr- indicating the majority 01 eells were alive (solid arrow, 
open arrow indicates GFAP- cell). Seven days after the 6h insult, cell numbers had not 
changed. The total number 01 surviving astrocytes dld not change over the one week 
period (Flg . 5). Surprisingly, the LOH release measured immediately after the insult 
strongly increased although the eells survived. The same was true lor the mannitol 
experiments. Thus, the overall impact on the astrocytes and oligodendrocytes was not 
substantially ehanged in any 01 the tested parameters when eomparing 2-deoxyglucose 
and mannitol substitution. 

Mleroglial populations are more vulnerable under 2-deoxyglucose Ihan in 
mannllol condltions of hypoxia and hypoglycemla 

Microglla were susceptible to combined hypoxie and hypoglycemic damage in the 
presence 01 2-deoxyglucose. The positive EtBr-stalnlng right after the insult indicated 
that 88% +/- 6% (407 0(464) 01 the ILB4+ cells did not survlve (all cells, first row Fig. 6). 
Seven days after the insult, the combined EtBr and ILB4-labellng indicated that more the 
percentage 01 dead cells increased (93% +/- 2%, 271 01 291 not shown). Control 
cultures exhibited lack 01 EtBr label at t = 0 and 7d (not shown). Microglia total survival 
and LOH release are shown in the graph (Fig. 7). LOH release right after the insult 
increased threelold and lell below controllevels after 3 days. 

However, the response 01 the microglia after the Insult was quite different In the 
presence of mannlto!. About hall 01 the microglial population survived the 6h combined 
hypoxie and hypoglycemic treatment (49% +/- 15%, 1116 01 2282 cells, n = 5). This 
finding was based on the total number 01 ILB4+ cells that did not express EtBr staining 
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(solid arrows point to examples of live cells, second row Fig . 6). However, 7 days aller 
the insult there were few surviving microglial cells (3% +/- 0.05%, 52 of 1745, all EtBr+). 
In the majority of Ihe dead cells, the nucleus appeared condensed, emphasized by the 
intensity of the EtBr staining (about 20 of 30 cells). Control cultures of microglia 
conversely exhlbited only a few EtBr+ cells (not shown). Total cell survival is shown, as 
weil as the LOH release for both t = 0 and 7d (Fig. 7). 

Purilied ollgodendrocytes are vulnerable to damage by hypoxia exposure 
Oligodendrocytes were shown to be more susceptible to damage from hypoxia 

than both microglia and astroglia as evidenced by decreased cell survival aller 6h 
exposure time (middle column), when compared to the controls (first column, Fig. 8A). 
Immediately following 6h exposure to hypoxia alone, only 24% of 04+ cells (85 of 353) 
survived. Seven days aller the insult, the total cell number had decreased to about half 
of the original numbers and of these, 54% (92 of 171) cells survived. We found a similar 
overall decline In cell number of the controls within 7 days. Under hypoxia-alone 
conditions, the LOH release lor oligodendrocytes was only slightly less than combined 
hypoxia and hypoglycemla at all time points (data not shown). A 42h exposure of 
oligodendrocytes to hypoxie conditions resulted in severe damage. in every experiment. 
Only thirteen percent (40 of 306) of the cells were alive (third column Fig. 8A). 
Astrocytes and microglia, in contrast, were not similarly effected aller 42h exposure to 
hypoxia when compared to controls (Fig. 8B and 8C). 

Microglia survival was not as affected aller 6h hypoxia when compared to the 
controls (Fig. 8B). The percentage of surviving cells at this first time point aller 6h 
hypoxia was 95% (485 of 508). Although microglia appear to be resistant to hypoxia 
death in culture, the total number of cells decreased over one week in culture whether or 
not they were exposed to hypoxia for 6h. The LOH release for microglia was 
significantly less at all time points compared to combined hypoxia and hypoglycemia 
(data not shown). 

Similarly, astrocytes appeared to be resistant to 6h hypoxia in culture as seen in 
Fig. 8C as the percent of cell death aller 6h exposure to hypoxia was low and 
comparable to the cantrol. The percentage of surviving cells immediately aller 6h 
hypoxia was 89% (417 0(470). Although the total number of cells varied at each time 
point, all increased in total cell number at 7d. Und er conditions of 6h hypoxia alone, in 
parallel wlth the combined hypoxia and hypoglycemia experiments, the LOH release for 
astroglia was also significantly less at all time points (data not shown). 

Hypoglycemlc condltlons alone did not affect the survival 01 gllal cell types 
Glial cells were maintained in buffers for 6h at narmoxic atmosphere where 

glucose was either replaced by mannitol or 2-deoxyglucose. Neither oligodendrocytes, 
astrocytes, nor microglial cells showed different survival patterns from controls. In all 
cases, the LOH release was the same as control levels (not shown). The cell survival 
was followed for 7 days to analyze possible delayed, long-term damage which was not 
observed. Ws conclude that all brain glial cell types can survive 6h glucose-free 
conditions in culture. 

Neuroprotective agents produce selective effects in glla 
The lazaroid, U83836E, was tested on purified glia cultures during their exposure 

to combined hypoxia and hypoglycemia to examine wh ether the oxygen scavenging 
properties were useful in protecting glia. Under the concentrations tested (300nM, 3uM 

131 



DMDF Ischemia Methods chapter, Lyons and Kettenmann, (File: L:/pape<s1slbmbfl.doc) 29.03.99 

30uM), the lazaroid increased the release of LOH and decreased the survival of all glia. 
In parallel experiments, Vitamin E (of which U83836E is an analog) was tested in 
microglla under the same conditions and was found to be protective- both in lowering the 
LOH levels and in the number of surviving cells. 

The AMPA receptor antagonist, NBQX (10uM), was applied to glia cultures just 
before their exposure to 6h combined hypoxia and hypoglycemia. While there was no 
slgnificant difference in the survival rates of astrocytes or oligodendrocytes, there was a 
consistent decrease In the release of LOH when compared to the non-treated cells. 
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Discussion 
Glial cells are thought to be much more resistant to hypoxic and hypoglycemic 

stress as compared to neurons. Typically, reports of glial survival or Injury to damage 
during or after ischemic injury refers primarily to astrocytes (Goldberg and ehoi, 1993; 
Nedergaard et al., 1991). Here we confirm that astrocytes are more resistant to in vitro 
Ischemic damage than other glia under these experimental conditions. Astrocytes with 
their glycogen stores have a beneficlal effect on neuronal survival under glucose 
deprivation in culture (Swanson and ehol, 1993) and for themselves as weil. Thus, the 
plastic and surviving astrocytes may serve as important entities necessary far the 
survival of the other brain cells. Our comparative approach in assaying the survival of 
microglia and oltgodendrocytes, however, revealed that these populations are more 
susceptible to such insults. Thus, there Is no common glial survival rate, but a rather 
distinct one for astrocytes, oligodendrocytes and microglia, respectively. In general, the 
most damage to gllal cells occurred immedlately after combined hypoxia and 
hypoglycemia rather than at later time points. Whether thls cell death is apoptotic or 
necrotic is currently being investigated. 

LDH release 15 not a rellable assay for measuring glia-toxlclty 
Typically, the release of LOH has been used as a standard method to analyze the 

survival rate of neurons and other cell types after different types of insults. In many 
studies, the rate of released LOH correlates weil with the loss of neurons (Gold berg and 
ehoi, 1993). Our data indicate that this assay can not be used to study comparative glial 
survival. Whlle astrocytes exhibit a dramatlc release in LOH after the ischemic/hypoxic 
insult, their survival is not affected. Astrocytes were stressed at first but this did not 
affect the overalt surviving numbers of astroglla nor the long-term basal release of LOH. 
If we relied solelyon LOH release data, we would conclude that astrocytes were the 
most susceptible to Injury by combined hypoxia and hypoglycemia when compared to 
mlcroglia and oligodendrocytes, when, in fact, the opposite is true. The LOH release dld 
not correlate with number of dead cells counted after the Insult. We, therefore, had to 
base our studies on counting cells after live/dead staining or EtBr-uptake into dead cells. 
This serves as a word of caution to others when considering LOH release assays to 
measure cytotoxlclty. 

While the LOH assay seems inappropriate to monitor gllal death, it contains 
valuable information. Measuring LOH release Is a technique indicating the time course 
of stress of a total population of cells, including those that die and lift off into the medium, 
whlch would never be counted by a stalning technique. LOH release was very high 
Initially after the insult In all cells. After the initial determination and a 30 minute 
reperfusion with glucose and at later time points, the LOH level returned towards control. 
This carresponds with LOH determination after the hypoxia insults, when the greatest 
damage occurs to cells after ischemia during the reperfusion period when radicals and 
proteases are released (Mertsch et al., 1995). In the case of the oligodendrocytes and 
microglia, LOH release fell even below the control levels. Thls may indicate that the 
Injury to the glial cells occurs primarily at the initial time point and/or the level of LOH in 
the surviving cells Is below the sensltivity of the assay. 

Ollgodendrocytes are the most vulnerable gtlal cell type 
Oligodendrocytes appear to be nearly as sensitive as neurons to perturbations of 

oxygen and glucose in comparison to microglia and astrocytes under the conditions 
Implemented in our experiments. Neurons in culture demonstrate similar responses to 
damage by hypoxia and/or hypoglycemia as shown by Goldberg and ehoi, 1993. 
Husain and Juurlink (1995) and Qi and Oawson (1993) analyzed the effect of hypoxia on 
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oligodendrocytes and described extreme vulnerability with or without coculturing with 
astrocytes. It was expected that the removal of glucose (substituted by 2-deoxyglucose 
or mannitol) under the hypoxie condilions would exacerbate the damage to 
oligodendrocytes, which indeed, was the case. Although mannitol confers protection in 
some cell types under various stresses (Gillbe et al., 1996), cultured oligodendrocytes 
did not show an increase in survival after hypoxia and hypoglycemia in the presence of 
mannitol. 

Oligodendrocyte suseeptibility to damage In culture by hypoxia and eombined 
hypoxia and hypoglyeemia is not surprising as they are difficult to eulture and to maintain 
under normal eonditions. Oligodendroglia exhibit sensitivity to various kinds of damage 
in culture as demonstrated by others. Nitric oxide (NO), released from endothelia, 
astrocytes and microglia after being triggered by stimuli such as ischemia, causes lipid 
peroxidation in oligodendrocytes, as weil as necrotic cell death (Merrill et al., 1993). In 
situ demonstration of oligodendroglial paranodal loops detaehing from rat optic nerve 
axons after 1h anoxia indicates selective vulnerability (Waxman et al., 1994). Under 
extreme eonditions, white matter may be damaged immediately after a focal stroke but 
usually the breakdown of white fiber trads is found at later stages of ischemia. Models 
of white matter tract ischemia show destruction in the white matter, implicating the 
involvement of oligodendrocytes (Ferrer et al., 1994). Unfortunately, there are few data 
available on the survival of oligodendrocytes in vivo after such an insult. Juurlink (1997) 
suggests in a review that oligodendrocytes may be more susceptible to oxidative stress 
after ischemia due to their low glutathione eontents- important in reactive oxygen 
scavenging, and their higher iron contents- contributing to increased radieal formation. 
Mandai and coworkers (1997) recently demonstrated, in a mouse model of MCAO, 
oligodendrocyte degeneration within 12-24 hours. This was followed by subsequent 
proliferation from oligodendrocytes 5 days after damage near the ischemic eore. 

Microglia survive partially in the presence of mannitol 
Microglia are strongly damaged after experiencing an ischemic insult in culture, 

nearly as much as oligodendrocytes or neurons. The presence of mannitol, however, 
partially protected microglial cells but not oligodendrocytes. Microglia exhibited about 
50% survival under hypoxia with mannitol present in comparison to less than 10% 
survival after hypoxic exposure in the presence of 2-deoxyglucose. It seems most likely 
that mannitol serves as a free radical scavenger and thus protects microglia from their 
own products. Indeed, stimulation of mieroglia with LPS leads to an oxidative burst 
(Banati et al. 1991). It has not yet been investigated whether the combined hypoxia and 
hypoglycemia insult results in a similar response, but if so, microglial cells would damage 
each other and themselves. This would explain the lack of mannitol effect on 
oligodendrocyte survival since these cells are not known to generate oxidative bursts. 

We were unable to find any reports regarding microglia death in vive or in situ. It 
would require elegant work with double markers such as shown for dying and 
proliferating oligodendrocytes in mouse brain mentioned above by Mandai et al., 1997. 
Susceptibility of microglia in culture would conceivably be greater and more easily 
detected than in vivo. Cultures of microglia after combined hypoxia and hypoglycemia 
may ereate an environment of increased nitric acid accumulation, as weil as eytokines, 
proteases, etc. that would increase self-toxicity. The authors are aware of ongoing 
discussions concerning the fate of microglia in pathologieal states as yet unsupported by 
convincing data. 

CONCLUSION 
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It is apparent Irom these studies that the Initial events are the most important to 
characterize. Long term survival 01 glia in culture after exposure to hypoxia and ler 
hypoglycemia depends on the number 01 cells surviving the Immediate damage. 
Evidently, there appears to be no massive delayed cell death lor glia in culture as is 
known lor neurons in vivo, particularly in the CA 1 region 01 the hlppocampus. 01 course, 
glial cells grown in cell culture diller in important ways Irom their in vivo counterparts. 
Further investigations are required to understand the interactions between glia and 
neurons within the complex cascade of events in ischemia. Nonetheless, the use of this 
simpler model system can be utilized to ask questions about neuronal/glia signaling 
systems that change in response to injury. Later, the answers to these questions may 
be tested at the next biologicallevels of complexity, such as cocultures and brain slices. 
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FIGURE 1. Experimental Paradigm. Equal numbers 01 coverslips Irom each 
01 oligodendroglia. microglia and astrocytes were cultured Irom Ule same rat 
brain preparation . Cultures olthese glia were chosen lor matching density 
and exposed to eombined hypoxia and hypoglyeemia (A 1) or hypoxia-alone 
(A2). These cells were minimaily eovered in N2/C02-gassed buffer lor 6h or 
42h and kept in the gas-eontroiled ehamber (see seheme in B). Glia exposed 
to normoxie atmosphere were kept either in glueose-substituted buffer (A3) or 
in glucose-eontaining buffer gassed with 02/C02 (A4). B schematieally 
depicts the small ciosed system chamber that was flushed with N2/C02 du ring 
the experiments. 
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Oligodenrocytes after 6h Combined 
Hypoxia and Hypoglycemia 

Phase Contrast 04 EtBr 

FIGURE 2. Oligodendrocytes are shown after 6h exposure to combined hy­
poxia and hypoglycemia in 2-DG. The phase contrast, 04 immunoreactivity 
and EtBr staining are shown of the same field at T = O. Cells at the solid 
arrows are alive and those at open arrows are dead: All photomirographs are 
at equal magnification. Scale bar = 60mm. 

Astrocytes after 6h Combined Hypoxia 
and Hypoglycemia 

Phase Contrast GFAP EtSr 

FIGURE 4. Astrocytes are shown after 6h exposure to combined hypoxia 
and hypoglycemia in 2-DG. The phasecontrast, GFAP immunoreactivity 
and EtSr staining are shown of the same field at T = O. All photomicrographs 
are at equal magnification. Scale bar = 60mm. 
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FIGURE 3. Oligodendrocyte survival after 6h combined hypoxia and hypoglycemia with 2-
deoxyglucose and mannitol substituted for glucose. The left graph illustrates the survival of 
oligodendrocytes (solid line) based on the counted cells and the concomitant release of LOH 
(dafted line) after the 6h of combined hypoxia and hypoglycemia (HH. shaded box). LOH levels 
were measured ata. 1,3 and 7 d, afteroombined hypoxia and hypoglycemia (n = 3) and nonmalized 
to the percent of control LOH va lues. The right graph illustrates the oligodendrocytes in mannitol 
containing buffer. 
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FIGURE 5. Astrocyte survival after6h combined hypoxia and hypoglycemia with 2-deoxyglucose 
and mannitol substituted forglucose. The leftgraph iIIustrates the survival (solid line) of cells 
based on Ihe number of cells counled and the concomilant release of LOH (dotted line) after the 
611 exposure to combined hypoxia and hypoglycemia (HH, shaded box). The levels of LOH were 
measured at 0 and 7 d. after combined hypoxia and hypoglycemia (n = 3) and normalized 10 
control LOH values. The right graph in illustrates the survival in the presence of mannitol. 
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Microglia after 6h Combined 
Hypoxia and Hypoglycemia 
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FIGURE 6. Cultured microglia exhibit low survival after 6h exposure to com­
bined hypoxia and hypoglycemia with 2-deoxyglucose present (top row). The 
phase contrast, ILB4-staining 01 microglia and EtBr-staining 01 dead cells 
Irom the same experiment are shown in the photomicrographs immediately 
after 6h exposure. Cultures microglia exhibit about 50% survivial after 6h 
exposureto combined hypoxia and hypoglycemia with mannitol present in the 
buHer (second row, examples 01 live cells are indicated with solid arrows). All 
photomicrographs are at equal magnification. Scale bar = 60mm. 
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FIGURE 7, Microglia survival after 6h ccmbined hypoxia and hypoglycemia wilh 2-deoxyglucose 
and mannitol substiluted for glucose, The left graph illustrates the survival (solid line) of cells 
based on the number of cells counted and the concomitant release of LOH (dotted line) after 
the 6h exposure to combined hypoxia and hypoglycemia (HH, shaded box). The levels of LOH 
were measured at 0 and 7 d, after combined hypoxia and hypoglycemia (n = 3) and normalized 
to contra I LOH va lues, The right graph in illustrates the survival in the presence of mannito!. 
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FIGURE 8. Cullured oligodendrocyles (A), microglia (8) and aslrocyles (C) were exposed 10 6h 
and 42h 01 hypoxia-alone in Ihe presence 01 Ihe normal medium conlaining glucose and serum (n 
= 3). Cells were slained wilh EIßr and caleein green lor Ihe counting 01 dead and live cells, 
respeclively. Each row shows graphs lor Conlrol, 6h and 42h hypoxia experimenls. Solid lines 
represenl Ihe lolal numbers 01 specific glia counled al Ihe lighl microscope level. The dashed 
lines represenl Ihe lolal numbers olsurviving glia (calcein green). The area between Ihe solid 
and dotted lines represenls Ihe number 01 EIBr+ dead cells (see halched seclion in A lor 6h 
Hypoxia exposure). The area above Ihe solid line represenls Ihe number 01 cells Ihal lifted up­
given Ihal approximalely the same numbers ofeells were presenlon each coverslip al Ihe beginning 
of Ihe experimenls (represenled by Ihe dotted line). The area under Ihe dashed line represenls 
survivlng cells. 
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