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Stellingen behorende bij het proefschrift: 

Free radicals and stroke 
Siert Knollema 

9 juni1997 

1. Voor neuropathologisch onderzoek is het van essentieel belang dat de lokalisatie van de 
scavenger enzymen glutathion peroxidase en reductase bekend is . 

(Dit proefschrift) 

2. De ontwikkeling van schade na een experimenteel CVA kan met behulp van glia kleuringen 
onderverdeeld warden in 3 onafhankelijk van elkaar lopende processen. 

(Dit proefschrift) 

3. Het 'Middle Cerebral Artery Occlusion model (MCAOt is niet de standaard voor experimenteel 
CV A onderzoek. 

(Sauter et al (1995) J Pharmaco/. Exp. Ther. 274: 1008-1013) 

4. Er is teveel aandacht voor de hippocampus in experimenteel CVA onderzoek gezien de beperkte 
klinische importantie van dit gebied bij een beroerte. 

5. Het bestaan van artsen die de klassieke homeopathie ondersteunen lijkt het niet
wetenschappelijke karakter van de studie geneeskunde te bevestigen. 

6. lnstelling van een LOI opleiding geneeskunde met aansluitend co-schappen voor de beste 
studenten hoeft geen nadelige gevolgen te hebben voor de kwaliteit van de gezondheidszorg. 

7. Discussies over de gevolgen van het broeikas effect op het klimaat zijn zelf ook afhankelijk van 
het weer. 

8. De beperkte uitgaven voor het preklinisch CVA onderzoek getuigen niet van realiteitszin van de 
financierende instellingen. 

9. Sense, antisense, missense, ....... makes sense!! 

10. Een kleine hoeveelheid radikalen houdt zowel de maatschappij als de fysiologie in beweging. 

Stellingen 
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Chapter 1 

1.1 Stroke in medicine 

10 

Stroke is a major contributor to death and disability in developed countries. 
The most important symptoms of a cerebrovascular accident (CVA) were already 
described by Hippocrates in 400 b.C: pareses of the arm, not being able to talk and 
insensibility or feelings of deafness localised to one half of the body.4 1 These 
symptoms are still the most used -diagnostic criteria after a CVA. The clinical 
definition of a CVA is: A focal disturbance of the brain function due to vessel 
occlusion or bleeding in which the clinical symptoms are present for more than 24 h 
or which results in death and for which no other origin can be found then a vascular 
cause.112 Stroke is the popular description for CVA. 

Although in The Netherlands stroke mortality declined between the years 
1970 and 1985 by approximately 4 % per year, stroke is still the third leading cause 
of death10 and the most important cause of serious disability.40

•
1 5 1 This trend can also 

be seen in other industrialised countries, except for the eastern European countries. 167 

In The Netherlands 25.000 humans are annually diagnosed with stroke (or 
cerebrovascular accident (CVA)). The figures for incidence are between 1.3 to 5.4 per 
thousands per year in the total population and they increase with age to 15.6 in the 
population of 65 years and older.% This tendency can also be seen in the prevalence 
of stroke which is 7 per thousand in the total population but increases to 23-30 in the 
population over 65 years and older. This leads, in a population of 15 million, to 
100.000 CVA patients. Not only the personal burden for patients and relatives are 
impressive, also the lifetime costs for the annual 25.000 first-ever strokes (estimated 
to 1870 million Dutch guilders) are dazzling. 10 

For diagnostic, therapeutical and prognostic purposes two major classes of 
CVAs are recognised: In the majority of CVA patients (80%) one or more cerebral 
arteries are occluded. In this so-called brain-infarct one or more of the following 
symptoms may occur separately or together; blindness in one eye (ameurosis fugax), 
unilateral pareses of the arm, hand, leg or body-half, paresthesia or a deaf feeling in 
one body-half, hemianopsia, double vision, dysartria and ataxia, and memory 
dysfunction's. By looking to the duration of the symptoms, these brain-infarcts can be 
subdivided into Transient lschemic Attack (TIA) and encefalopathy (completed and 
progressive stroke). This subdivision is not based on pathogenic differences and 
therapy is therefore the same for all patients with brain infarcts. However, therapy in 
these patients is only directed towards prevention of new complications and not to 
(pharmaceutical) limitation of brain damage. This lack of possibilities for surgical or 
pharmaceutical intervention is based partly on the poor knowledge of brain infarct 
pathogenesis and partly on problems with the interpretation and implementation of 
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data obtained in experimental stroke models.35•42•50•66•87•99• 128 Twenty percent of the 
CVAs are caused by a disruption or bleeding of the cerebral arteries. lntracerebral or 
extracerebral bleedings, which sometimes are preceded by trauma or intensive 
exertion, are characterised by acute headache , vomiting, and loss of consciousness. 
Although therapy is available for surgical accessible vessel disruptions, overall 
mortality is between 60 - 80% after 30 days. 

In this introduction attention will be focussed on brain damage as a result of 
oxygen shortage and models for it. First of all, alterations in the cerebral metabolism 
after an artery occlusion are discussed and a close look is given on the most 
important mechanisms which are thought to be (partially) responsible for neuronal 
cell death. Accordingly, experimental animal models for brain infarcts are considered 
and the choice for the usage of a modified Levine model is elucidated. 

1.2 Energy metabolism and hypoxia/ischemia 

Under physiological conditions the energy demand of the brain is almost 
completely satisfied by oxidation of glucose to CO2 and H20 according to the 
equation: 

C606H
12 + 6 02 � 6 CO2 + 6 H20 (1) 

Part of the free energy of this oxidation reaction is used for ATP synthesis. 
Theoretically 38 moles of ATP are synthesised per mole of glucose: two moles of ATP 
per mole of glucose are produced in the cytosol at the pyruvate kinase step and the 
remaining 36 moles in the mitochondria, mainly during oxidative phosphorylation. 
However, glucose metabolism and oxidative phosphorylation do not proceed under 
thermodynamically optimal conditions and since only about (91 %) of the 
metabolised glucose is oxidised to CO2 and H

2027
, a value of 30-35 moles ATP/mole 

glucose has been suggested as realistic values for the brain. This energy is used to 
maintain structural integrity and integrative functioning of neurons. 

The critical threshold necessary to meet the energy demand of the brain is 
10-15 ml/100 g per minute (normal 50-60 ml/100 g per minutes) in primates.8 5

•
125 If 

the oxygen availability is insufficient for aerobic glucose metabolism, anaerobic 
glycolysis is activated. Lactate is the end product of anaerobic glycolysis and 
clinically used to assess cerebral damage development in stroke patients. As 
anaerobic glucose metabolism yields only 2 ATP, tissue relying on aerobic 
metabolism is depleted of glucose and high energy phosphates within a few minutes 
after the onset of cerebrocirculatory arrest. 1 15 The depletion of ATP in brain tissue 
shortly after circulatory arrest is suggested to be the trigger of a pathological sequel 
of events finally leading to damaged neurons: The so-called ischemic cascade. Some 

11 
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of the factors, involved in the ischemic cascade are increases in the intercellular 
cytosolic calcium concentration, acidosis, glutamate release and production of free 
radicals. Other important determinants for damage outcome are activation of glial 
cells and release of stress hormones, such as corticosteroids/cortisol. In the next 
paragraphs the interaction of these factors with neuronal damage will be discussed in 
more detail. 

1.3 Glial cells. 

Glial cells are the most abundant cell types present in the CNS. They are 
thought to play an assisting role for nerve cell functioning. Glial cell are subdivided 
into oligodendrocytes, astrocytes and microglia. Oligodendrocytes insulate neuronal 
axons by forming myelin sheets. 

Astrocytes are thought to have many functions beneficial to neurons, for 
example in providing structural support and regulating the neuronal homeostasis. The 
function of astrocytes has been histologically examined in most studies by using 
immuno-reactivity for glial fibrillary acidic protein (GFAP). In CVA affected areas 
most studies show an enhanced expression of GFAP within 1-2 days after reperfusion 
and a changed astrocyte morphology from small starshaped cells to swollen 
hypertrophic cells with long processes.5•32•11

7•116 

Microglial cells are the macrophages of the brain. In the resting 
morphological state microglial cells show tiny cellbodies with strongly ramified 
processes.120•150 These cells are widely distributed throughout the brain. After local 
damage to the central nervous system microglial cells are easily activated and 
infiltrate the injured areas. In this activated state microglial cells exhibit swollen 
perikarya with short thick processes.47

-1?, rns
.

io? In vitro studies have indicated several 
mechanisms which might explain a role of activated microglial cells in the generation 
of neuronal damage. For instance, activated microglial cells are known to secrete 
harmful molecules such as free radicals and glutamate.7

•
53•122• 123

•
155 Glutamate can 

partially be converted to glutamine by astroglia59
• However, if the astroglial uptake is 

insufficient after ischemia the excess of glutamate will damage the neurons and 
astroglia in the vicinity of the CVA-focus. 

1.4 Stress hormones 

12 

Complications following stroke include seizures and endocrine 
abnormalities. Elevations in serum and plasma stress hormone (cortisol) levels are 
found following epileptic seizures. It has been reported that these elevations may 
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have a prognostic value in status epilepticus. Furthermore, literature suggests that 
hypercortisolism in stroke patients is associated with cognitive disturbances, motor 
impairment, poorer neurological outcome, greater mortality and disability. Animal 
experiments confirm the detrimental effects of stress hormones (corticosterone) on 
injury after an hypoxia/ischemia, 80•106•107

'
129 neurotoxins,3

'
62 seizures148 and free radical 

generators.94 Corticosteroids might increase neuronal vulnerability by different 
pathways. It has for instance been suggested that corticosteroids generate increased 
intracellular Ca2 + levels (see section 1.5).20•37 On the other hand, an interference of 
corticosterone with glutamatergic neurotransmission might elevate the extracellular 
glutamate concentration to toxic levels.8

"·
102 •149 However, glucocorticoids might also 

have some neuroprotective actions. Treatment with dexamethasone 24 h prior to 
hypoxia/ischemia the reduces damage in neonatal rats.159 Methylprednison might 
inhibit (glucocorticoid-independent) lipid peroxidation and thus explain reduction in 
spinal cord injury.54 

So, stress hormones may have both detrimental and beneficial influence on 
the damage outcome, although literature is inconsistent about the ultimate effect. 

1.5 Calcium 

Calcium plays an important role in neuronal activity. Neuronal function is 
associated with an inward Ca2 + current, the size of which can be taken as an 
indicator of the activity of neurons. Any marked increase in intracellular Ca2 + activity 
triggers different reactions (such as lipolysis, disaggregation of microtubuli, activation 
of calcium dependent proteases or protein phosphorylation) which, when excessive, 
could cause cellular damage. Therefore, the various functions of calcium ions in 
cellular metabolism can only be fulfilled when calcium fluxes are properly 
regulated.1 1

; 

In a cell an increase of the intracellular free calcium concentration can be 
triggered through different routes, which have been suggested to be involved in the 
calcium overload that occurs after reversible cerebral ischemia.20•

115 Some of these 
routes are: 

• receptor-operated calcium channels: for instance the channels opened by N-methyl-
0-aspartate (NMDA) agonist which are highly permeable to calcium ions. 2 •8•14• 121 

• through voltage-gated calcium channels.98 

• via the membrane Na+ /ca2 + exchanger, which under normal conditions extrudes 
Ca2 + ions in the exchange for Na+ ions but may operate in reverse under conditions 
of high intracellular sodium activity.108 

13 
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• by release of calcium ions from intracellular stores (in for instance the mitochondria 
and the endoplasmatic reticulum). 

• by an influx of calcium ions through membrane leaks.� 1 

The molecular mechanisms whereby a non-physiological rise in intracellular 
Ca2 + may cause neuronal damage have been discussed extensively.20

•
11

3•
1

37•
140 The 

excessive rise in intracellular Ca2+ delineates a stimulus which cause overactivation 
of lipases, proteases, and endonucleases and which, via activation of protein kinases, 
may alter functions of receptors, membrane channels, and ion translocases by 
phosphorylation. One of the key events leading to acute cell damage may be 
activation of proteases which break down components of the cytoskeleton and which 
sever the anchorage between the plasma membrane and the cytoskeleton. 1 13• 138

•
141 

The concept of an intracellular calcium overload after cerebral ischemia serving as 
the final common path of neuronal necrosis is logical and attractive. However, this 
hypothesis is far from being validated. 115 Especially when one knows that anoxic cell 
death can occur in the absence of a rise of intracellular Ca2+ and that ATP depletion 
is detrimental to the survival of the cell. 19•84 It has also been argued that although al I 
cells accumulate calcium during a prolonged ischemic insult, some cells die while 
others survive.64•

65 However, even though other factors instead of a rise in 
intracellular Ca2 + may contribute to irreversible cell damage, one can not ignore the 
potential adverse effects triggered by calcium overflow. 110

• 
113• u7• 1 40 

1.6 Acidosis 

14 

Cardinal features of brain damage due to acidosis, are gross oedema and 
post-ischemic seizures and more rapidly maturing brain lesions. Since pre-ischemic 
hyperglycemia can convert selective neuronal necrosis into pannecrosis, it qualifies 
as one factor predisposing to infarction, possibly by causing damage to glial cells 
and/or the vascular endothelium. Adverse effects of acidosis may be exerted by 
several mechanisms. Acidosis, for instance, can activate an Na+ /H+ antiporter which, 
if coupled to a passive c1-/Hco3- antiporter, could shuttle Na+ and c1- into the cell, 
with osmotically obligated water.16

•
136 A reduction in extracellular pH could 

outcompete Na+ at the external site of the Na+ /H+ antiporter, thereby retarding (or 
preventing) H+ extrusion from acidotic cells. Low pH curtails also ATP production by 
retarding oxidative phosphorylation in mitochondria. 1

'
1 

Prompt restitution of mitochondrial function requires that intracellular pH is 
increased. This is achieved by oxidation of accumulated lactate and by accelerated 
Na+ /H + exchange. Unfortunately, both events probably are inhibited at low pH 
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values. Evidently, all these mechanisms occur in the acute phase of a CVA when 
acidosis is still present. 

1. 7 Glutamate 

Befitting its dominant role in central excitatory neurotransmission, glutamate 
is present in excitatory presynaptic terminals throughout the brain. The neurotoxicity 
of intense exposure to extracellular glutamate was established more than 30 years 
ago in the retina and about 20 years ago in the brain.22 In the sequence of events, 
release of excitatory amino acids from presynaptic endings and activation of post
synaptic glutamate receptors may play an important role.21

•22•138
'
1 3 9  A reason for this is 

that the amino-3-hydroxy-5-methyl-4-isoazole propionic acid (AMPA) type of 
glutamate receptors allow influx of Na+ by way of receptor-gated channels, thereby 
leading to depolarisation. Furthermore activation of the N-methyl-D-aspartate 
(NMDA) type of glutamate receptor opens a channel permeable to Ca2 + . This 
receptor-gated channel is normally blocked by Mg2+ in physiologic concentrations, 
but the block is relieved by depolarisation inducing an huge increase in intracellular 
Ca2 + . The excitotoxic hypothesis has received much attention and although NMDA 
antagonists reduce both the rate of influx of Ca2 + and the rate of rise in intracellular 
Ca2 + during ischemia, 141•142 they fail to ameliorate the subsequent neuronal injury. 
However, the damage is reduced by AMPA receptor antagonists and by some drugs 
reducing presynaptic transmitter release.132 

1.8 Radicals 

The free radical hypothesis is one of the most elaborate proposals developed 
to explain how a common factor can cause cell death in conditions as disparate as 
hyperoxic stress, ageing, cancer, and ischemia.43

'
44

•5 7 It is now almost 20 years since 
Demopoulos,33 proposed that free radicals contribute to brain lesions in stroke. 
However, it was subsequently underscored that ischemia-induced free radical 
damage in brain and other tissues is most likely to occur if ischemia is followed by 
recirculation. us, na 

1.8.1 Definition 

A free radical is any species capable of independent existence that contains 
one or more unpaired electrons58

• Unpaired electrons causes the molecule to be 
attracted slightly to magnetic fields, and makes the species highly reactive. Radicals 

1 5  
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16  

can be formed by the loss or gain of  a single electron by a non-radical molecule. 
Although several free radicals species can be distinguished, radicals derived from 
oxygen seem to be the most important in disease pathogenesis. 

Oxygen is a necessity for live, but concentrations higher than those present 
in the air has long be known to damage plants, aerobic bacteria and animals. Even at 
2 1  % oxygen, damage occurs that has been attributed to free radicals (examples of 
free radicals are •02-, H202, •OH-, NO• and N02•). Although the broad definition of 
free radicals includes the oxygen molecule itself, the exact constitution of the two 
unpaired electrons in the oxygen molecule slows down its reactions with non-radical 
species.56 

Hydrogen peroxide, on the other hand, which itself (by definition) is not a 
radical ,  can produce quickly the most toxic hydroxyl radical through a Fenton
reaction 

(2) 

Most authors therefore include H202 under the free radical molecules. Under 
physiological conditions many reactions generate hydrogen peroxide: The production 
of H202 is partly the result of the dismutation reactions of superoxide •02- which are 
catalysed by the enzyme superoxide dismutase. This has been observed from whole 
bacteria of several species, from phagocytic cells, from spermatozoa and from 
mitochondria, microsomes and chloropl asts. Hydrogen peroxide is also formed in the 
oxidation of hypoxanthine and xanthine to uric acid. 

Hypoxanthine + 02 � Xanthine + H202 + •0
2

-

Xanthine + 02 � Uric acid + H202 + •02-

(3) 

(4) 

Another important metabolic pathway which can generate hydrogen 
peroxide is the catabolism of dopamine (DA) (figure 1 ). Oxidative stress occurring 
through an enhanced DA turnover by monoamine oxidase (MAO), which exist in 
the remaining cells of the substantia nigra in Parkinson's Disease, was tested with 
reserpine, clorgyline or deprenyl.23•26•39• 147 Reserpine evoked an increased DA 
turnover that was associated with increased levels of oxidised glutathione (GSSG) in 
the striatum. This DA turnover could be blocked by the MAO inhibitors clorgyline or 
deprenyl, which supports the hypothesis that MAO activity generates oxidative 
stress. 25 
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Figure 1 Dopamine oxidation pathways, including the proposed (metal catalyzed) non
enzymatic routes and enzymatic routes by monoamino oxidase (MAO) and catechol-o
methyltransferase (COMT). Adapted from W.N. Sloot 146 

The latter hypothesis is supported by a recent study in transgenic mice that 
overexpress MAO-B. These transgenic animals showed a specific decrease in 
perikaryon size of catecholaminergic neurons in the substantia nigra and locus 
coeruleus.4

•
1 46 Suggesting that these rats exhibit an increased vulnerability to 

oxidative stress. 
1 7  
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1.8.2 Damaging effects 

1 8  

Radicals are known to induce different damaging effects. O f  all known 
oxygen derived radicals the hydroxyl radical is the most hazardous.58

•
146 •OH reacts 

at the site of production, and since •02- and hydrogen peroxide diffuse, free radical 
damage occurs wherever catalytic iron (Fenton reaction) is present and is thus largely 
site-speci fic. 138 However, hydroxyl radicals are not only the products of the Fenton 
reaction but 

nos 

Arginine + 02 + NADPH � Citrulline + NO• + NADP 
NO• + •02- � ONOO- + W � ON OOH 

ONOOH � •OH + N02• 

(5) 

(6) 

(7) 

they derive also from the decomposi tion of peroxynitrite (ONOOH). After its 
formation free radicals react at extremely high rate constants with almost every type 
of molecule found in living cells: sugars, amino acids, phospholipids, DNA bases and 
organic acids. Its reactions are of three main types. These are 

• hydrogen atom abstraction, e.g. for methanol: 
CH30H + •OH �H20 + •CH

2
0H (8) 

• hydrogen atom addition, e.g. it can add on to aromatic ring structures 
such as the purine and pyrimidine bases of DNA, and 

• electron transfer, e.g. with c1· ion: 
Cl·+ •OH� •Cl + OH- (9) 

The reactivity of •OH radicals is so great that, if they are formed in l iving 
systems, they will react with whatever biological molecule is in their vicinity. This 
produces secondary radicals of variable reactivity. Because these are spontaneous 
chemical reactions, thermodynamic laws require that the energy gain from forming a 
new molecular bond has to be larger that the dissociation energy of the old bond 
(i.e., the newly formed radical has to be more stable than the original) . A 
consequence of the formation of more and more stable radicals is that the 
progression of the radical chain reactions focuses increasingly on certain 
"susceptible" targets (i.e. activated molecular bonds), which require little energy to 
dissociate. 

Examples for highly susceptible targets are bisallylic methylene positions of 
polyunsaturated fatty acids (PUFA) because the presence of the adjacent double 
bond weakens the carbon-allylic hydrogen bond.63 Abstraction of a hydrogen atom of 
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such a methylene group by a radical in itiates the oxidation of fatty acids ( l ipid 
peroxidation; LPO). After rearrangement of the fatty acid molecule to the 
energetically more stable configuration of a conjugated diene, oxygen i s  added and 
the radical chain reaction is continued with abstraction of another hydrogen atom 
(propagation reaction). The resulting fatty acid hydroperoxide can be reduced further 
to a hydroxy fatty acid or (reductively) cleaved in a Fenton-type reaction to yield 
aldehydes and alkanes. Although any fatty acid with two or more double bounds may 
undergo these peroxidation reactions, the susceptibi I ity to LPO i ncreases 
exponentially with the number of bis-allylic methylene positions. 160 These results 
correlate with findings in vivo indicating that predominantly fatty acids with four or 
more double bonds are lost during LPO.7 1  Especially in cell-membranes ideal 
conditions are present for in itiation and propagation of the radical chain reaction. The 
complex reactions of radicals, aldehydes, and other products of lipid peroxidation 
can subsequently cause severe damage to membrane proteins, decrease membrane 
fluidity and cause loss of membrane integrity which results in leakiness to substances 
that do not normally cross the cell membrane. 70• 1 38 Overall, an uncontrolled rise in 
free radicals will result in a chain of reactions which can affli ct to many organelles 
and might lead to the disintegration of the cell. 

1 .8.3 Free oxygen radicals as useful molecules 

In a number of cases free radical reactions are advantageous for the 
organ ism. Some important oxidation, carboxylation and hydroxylation reactions 
depend on the formation of free radicals: 

:::::, For instance free radicals play a role in the formation of prostaglandin 's and 
leukotrienes. These eicosanoids comprise a large and complex family of biologically
active lipids derived from polyunsaturated fatty acids by insertion of molecular 
oxygen in enzyme-catalysed reactions. Oxygen insertion is achieved by stereospecif ic 
free-radical mechanisms at the active si tes of the enzymes. Prostaglandin 's and 
leukotrienes have extremely potent and varied actions in the body; they are i nvolved 
in regulation of numerous physiological processes and play a role in many diseases 
that involve ti ssue injury and inflammation.58 

::::;, Best known are the role of free radicals in phagocytosis and reactions with n i tric 
oxide (NO•). Phagocytosis is the process in which the cell "flows around" the 
foreign particle and encloses it in a plasma membrane vesicle that becomes 
internalised into the cytoplasm of the phagocytic cel l .  Most studies on the 
biochemistry of the phagocytosis have been carried out upon neutrophils and 
macrophages and show that controlled free radicals reactions are the mai n metabolic 

19 
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pathways by which the body can destroy bacteria, viruses and other " foreign" 
particles which have penetrated through the exterior lining defences. 

=> Recently, it has become clear that many neurohormones that cause blood vessels to 
relax do so by releasing an unstable non-eicosanoid mediator from endothelial cells, 
rather than by a direct action on the vascular smooth muscle. For example, both 
acetylcholine and bradykinin cause the release of the NO• also known as 
endothelial-derived relaxing factor. NO• is labile (half life 1 0  seconds) and acts as 
physiological signalling molecule in vascular tissue and brain through diffusion and 
subsequent stimulation of guanylate cyclase in the target cell. In the brain this 
molecule has also short-term effects on the excitatory amino acids and long-term 
effects on brain development, learning and memory functions.58

•
1 4r' However, in 

contrast to these controlled radical generating reactions an uncontrolled rise in free 
radicals will result in cellular injury. So defence mechanisms to prevent the damaging 
effects of free radicals are necessary. 

1.8.4 Defence mechanisms against reactive oxygen species. 

20 

The use of oxygen species is  associated with production of free radicals and 
therefore it affects all cells in organisms living under aerobic conditions. Defence 
mechanisms of the enzymatic and non-enzymatic type have been developed to 
survive under such conditions. In fact, the major reasons why cells contain certain 
vitamins and their analogues (a-tocopherol and ascorbic acid) is that these function 
as non-enzymatic free radical scavengers. 

The first line of defence against the superoxide radical are superoxide 
dismutases (SOD). These enzymes catalyse the diffusion-limited dismutation of 
superoxide to hydrogen peroxide and oxygen (Figure 2). The cytosol i c  SOD enzyme 
contains the metal ions copper and zinc (Cu/Zn-SOD), the mitochondrial enzyme 
has manganese (Mn-SOD) as redox-active metal ion. Hydrogen peroxide in 
peroxisomes is metabolised by catalase. 1 1 4 As hydrogen peroxide can easily diffuse 
through membranes, peroxisomal catalase can also participate in the detoxification of 
hydrogen peroxide that is generated in other eel I compartments. 1 1 4 Most important for 
the metabolism of cytosolic and mitochondrial hydrogen peroxide is the selenium 
containing scavenger enzyme glutathione peroxidase (GPx). This GPx catalyses a 
reaction in which hydrogen peroxide is reduced to water at the expense of reduced 
glutathione (GSH). 



Superoxide radical 

Figure 2: Scheme of cellular 
defence mechanisms 

1 .9 Free radicals during hypoxia/ischemia 

Introduction 

The resulting oxidised 
glutathione molecule (GSSG) is recycled 
and reduced to GSH by the g lutathione 
reductase enzyme (GSH-red). 

An integral part of the second 
enzymatic line of free radical defence is 
to keep any potentially redox-active 
metal in cells tightly bound to transport 
and storage proteins to minimise the 
possibi lity of hydroxyl radical formation 
in Fenton type reactions. Thus iron (a 
necessity in the Fenton reaction) is 
bound to transferrin during transport or 
stored as ferric iron bound to ferritin. 101  

To explain the pathogenesis of neuronal death following cerebral ischemia 
involvement of free radicals has been proposed.34•55

•
126•135 This is described in the so 

called free-radical hypothesis of ischemic damage. This theory is based on two 
thoughts. First, since free radicals are formed in all cells under aerobic conditions 
and since they are inherently toxic, cells must have an suitable defence system. 
Second, several conditions may give rise to increased free-radical production. These 
encompass hyperoxia, which enhances the production of oxygen radicals, and the 
anaerobic-aerobic transition, which accompanies ischemia with recirculation. Thus, 
oxygen radicals and other free radicals are formed when a reduced compound 
(accumulated during ischemia) is reoxidised. Since the yield in free radicals is 
proportional to oxygen tension, the spurt in production of free oxygen species may 
also be related to the increase in pO2 that accompanies reactive hyperemia. We may 
therefore consider ischemia with recircu lation as one form of oxidative stress. 
However, since free radical production can occur at relatively low oxygen tensions 
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and can be triggered by the accumulation of reduced compounds, recirculation is not 
a requirement for free radical production to occur. 1 38 

1.9.1 Scavenger enzymes during hypoxia/ischemia 

22 

The contribution of the endogenous enzymatic radical scavengers was 
equivocal for some time, but recently considerable evidence has highlighted i ts 
important role after ischemia. The first studies into the role of the free radicals 
scavenger enzymes were focussed on the measurement of biochemical activities. A 
significant decrease in superoxide dismutase activity in rat brain was reported 
following global cerebral ischemia, suggesting that the depletion of SOD indicates a 
cellular vulnerability to reperfusion, with an influx of superoxide radicals following 
global ischemia. 1 7 But others reported that SOD activity was not affected by focal 
cerebral ischemia.97

•
1 1 6 lmmunocytochemistry and in situ hybridisation studies 

revealed that expression of endogenous Cu/Zn-SOD-mRNA, in the CA 1 area of the 
hippocampus, is temporarily stimulated by an ischemic insult without increasing the 
protein level.90 This prolonged increase in mRNA expression indicated a shortage of 
the endogenous anti-oxidant enzyme that protects against the detrimental effects of 
superoxide radicals. This hypothesis was confirmed in Cu/Zn-SOD transgenic mice 
who showed attenuation of cerebral ischemic injury compared to non-transgenic 
control mice. '8• 38. 75•1 63 Not only endogenously increased levels of Cu/Zn-SOD but also 
exogenously raised SOD activities provided protection against hypoxidischemic 
damage in the striatum, hippocampus, and thalamus. 1 57 The important role of oxygen 
derived free radicals in the determination of neuronal damage was also confirmed by 
the temporal post-ischemic induction of mitochondrial located MnSOD. 133 Since the 
treatment with recombinant human SOD attenuated the increase of Cu/Zn-SOD 
mRNA but could not change the increase of Mn-SOD mRNA, it is suggested that 
each expression of mRNA is induced independently by different stimulators. The 
inducing stimulator for the Mn-SOD mRNA may not be oxygen radicals but other 
chemical mediators such as cytokines. 1 33 

Several authors postulated the crucial role of the SOD enzymes in 
neurological diseases associated with increased formation of free radicals. However, 
the role of the other scavenger enzymes, such as catalase and glutathione peroxidase, 
in the removal of oxygen derived radicals has not been fully appreciated. This is 
especially curious when one knows that the detoxification product of the 
dismutation reaction is H202, as stated earlier an important radical intermediate 
particularly when free iron is abundant ly present (Fenton reaction).89 Catalase and 
glutathione peroxidase can convert this H202 to H20 and 02• Experiments revealed 



Introduction 

that the combination of catalase and SOD treatment resulted in additional protection 
in some brain areas 157 compared to the single treatment with one of the scavengers. 
However, the level of catalase, the most effective enzyme for the removal of H2O2, 

due to its high activity and affinity for H2O2 has been shown to be low in the rat 
forebrain under homeostatic conditions. 104 Nevertheless, this relative lack of catalase 
may be compensated by glutathione (and glutathione peroxidase) which is known to 
play an important role in the prevention of oxidative damage. 1 •

69
.
73 •76•79

•
83

•
1 34• 1 5 6  It has 

been reported that depolarisation-induced release of glutathione is most prominent 
in the cortex, the hippocampus, and the mesencephalon. In the cerebellum and the 
medulla oblongata, the depolarisation-induced release of glutathione is much 
lower. 164 Suggesting a specific localisation of this scavenger in the fore- and midbrain. 
So, to elucidate the free radical involvement in the generation of injury it is important 
to know the exact localisation and regulation of the SOD's and catalase but also the 
precise anatomical distribution and function of glutathione peroxidase and 
glutathione reductase are of major importance (figure 2). Although the 
neuroprotective properties of catalase after hypoxia/ischemia have been studied and 
proved to be effective, not much is known about the precise role of g/utathione 
peroxidase or glutathione reductase after an ischemic challenge. 

1.9.2 Oxygen derived free radicals during hypoxia/ischemia 

During conditions of ischemia and particularly during reperfusion enhanced 
free radical production by several mechanisms may increase cellular oxidative 
damage. The most important sources of increased radical production after 
hypoxia/ischemia are the dopamine metabolism, processes in the mitochondria and 
endothelium and free iron reactions. These processes will be discussed separately in 
the next paragraphs. 

Dopamine metabolism 
After ischemia catecholaminergic terminals are stimulated to release increased 

amounts of catecholamines. The expanded catecholamine (e.g. dopamine) 
availability during ischemia-reperfusion, "·30

•
5

' ·52 combined with hyperoxia during 
reperfusion, lead to supernormal H2O2 production by the MAO reaction (figure 1 ). 
The enhanced catecholamine release can produce injury by several radical related 
mechanisms. Catecholamines may undergo metal-catalysed auto-oxidation, forming 
reactive quinones, which covalently bind to GSH and deplete the antioxidant pool. 
Catecholamines can enhance ischemia-reperfusion damage by increasing the cerebral 
metabolic rate for oxygen when in trace I lular energy provision is already stressed. ' 51 
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However, the toxicity of increased catecholamine levels after hypoxia/ischemia is 
mainly augmented through H202 which can be deduced from work in various 
systems. One study has shown that an enhanced dopamine metabolism increased 
H202 production via MAO.BB Additionally, it was shown that inhibition of MAO with 
pargyline protected rats from convulsions and led to decreased hydrogen peroxide 
production in the brain.166 In another study inhibition of MAO (by pargyline) 
eliminated the evidence of oxidative stress during early reperfusion implicating MAO 
activity as a significant source of hydrogen peroxide in CNS ischemia-reperfusion. 1 44 

This study also showed that the produced H202 was eliminated primar i ly through the 
glutathione peroxidase system. 1 44 Unfortunately the survival rate and the histological 
damage pattern did not improve by pargyline. Recently, it was shown that the 
formation of the most toxic hydroxyl radicals could be prevented by pre-treatment 
with MAO-inhibitors. 152 Both MAO-A and MAO-B inhibitors beneficially reduced 
neuronal damage from the dopamine-derived toxicity. Additional evidence for the 
role of dopamine in post-ischemic injury can be found in experiments in which 
lesions of the substantia nigra (the origin of the nigro-striatal dopaminergic system) 
protected the striatum against a period of oxygen shortage. 1 5 

Mitochondria 
The mitochondrial cytochrome a-a, system accepts a package of four 

electrons without free radical formation, but oxygen can accept only one electron at a 
time, leading to the intermediate formation of superoxide radicals and hydrogen 
peroxide. Such univalent reduction reactions occur in the proximal steps in the 
mitochondrial respiratory chain, in extra-mitochondrial reactions, and in 
hypoxanthine and xanthine metabolism in which uric acid is produced by xanthine 
oxidase. This latter reaction is also a l ikely source of free radicals after reperfusion of 
hypoxic tissue, since hypoxanthine and xanthine accumulate during 
ischemia/recirculation, and since increased levels of intracellular Cai . may activate 
proteases which convert (4,5) xanthine dehydrogenase to xanthine oxidase.92

•
93

•
124

•
138 

Endothelium 
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Another potential source of free radicals, after a hypoxia/ischemia, and one 
that affects preferentially endothelial cel l s  is the endothelial-derived relaxing factor 
(EDRF) or nitric oxide. This factor is especially formed from arginine when high 
intracellular Ca2 +  levels activate the enzyme nitric oxide synthetase.4r, Conditions 
present during and after ischemia induce not only NO• (E DRF) but also •01 . These 
two molecules then decompose to form the toxic peroxynitrate ion (NO i-) .� This ion 
is stable at alkaline values of the ionisation constant (pK) but, since the conjugate 



Introduction 

acid has a pK of 6.6, it disintegrates rapidly at acid pH levels to yield •OH. Thus, if 
increased amounts of •02- are formed and if the NO synthetase is stimulated by Ca2+

, 

toxic free radicals species could be formed, giving rise to endothelial cell damage. 

Free iron 

The leading source of hydroxyl radicals originates in the so-called "iron catalyzed 
Haber-Weiss reaction". Iron, which is normally tightly bound to proteins such as 
ferritin and transferrin, can be released from ferritin by •02- and reduced flavins, and 
from transferrin by acidosis. Consequently, conditions that combine high free iron, 
1 2• 13•28•3 1 •60•68• 100• 127• 162 hydrogen peroxide6•72•89• 1 4 4' 145

'
166 and superoxide radical levels, 

6•8 1• 1 1 1which are present during/after ischemia, are ideal for this Haber-Weiss reactions 
to generate large quantities of hydroxyl radicals.74• 152• 162 

In conclusion; there is considerable evidence that free radicals and 
enzymatic radical scavengers play an prominent role in determining the injury 
outcome after an ischemic period, The focus in most studies was on superoxide 
dismutase and catalase mediated protection, while less is known about the exact role 
of glutathione detoxifying 

•02- + Fe3+ � 02 + Fe2 + 

H202 + Fe2 + � OH- + •OH + Fe3 + 

( 1 0) 
( 1 1 ) 

( 1 2)  

system. This thesis, therefore, mainly focuses upon the glutathione peroxidase and 
glutathione reductase system. Special emphasis is placed on the role of hydrogen 
peroxide decomposition and on the influence of hormones (corticosterone) on 
radical scavengers enzymes 67•82 94' 1 19' 158' 1 6 5  and damage outcome. Recent findings 
have suggested that glucocorticoids exacerbate the neurotoxicity associated with 
oxygen radical generation.94 

1.10 Animal models 

The use of physiologically regulated, reproducible animal models is crucial to 
the study of ischemic brain injury- both for mechanisms governing its occurrence and 
for potential therapeutic strategies. Several laboratory rodent species (notably rats and 
gerbils), which are readily available at relative low cost, are highly suitable for the 
investigation of cerebral ischemia and have been widely employed for this goal. 50 
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What are the exact purposes of developing an animal model of stroke?99 One purpose 
is to validate hypotheses concerning the pathogenesis of various types of stroke. 

A second purpose for modelling stroke is to discover step by step, at an 
extracellular and intracellular level, the chemical changes that are caused by 
decreasing or stopping the supply of blood to the brain. Modelling stroke is also 
necessary to produce tissue change that can be used to validate the correlation 
between an advanced technology such as positron emission tomography, magnetic 
resonance imaging or single-photon emission computed tomography and the gross 
and histological changes seen at the sacrifice of the animal. A practical example of 
potential help to be gained from various stroke models is the correlation of the 
magnetic resonance imaging and computed tomography white matter changes with 
the underlying pathology in different stroke models. A fourth reason for modelling 
stroke is to disclose the mechanism of an abnormal phenomenon. Not at least are 
stroke models used to provide a substrate for 

TABLE 1 .  RODENT MODELS OF CEREBRAL /SCHEMIA 
Models of global cerebral ischemia in rats 

Two vessel occlusion model of forebrain ischemia 
Transient bilateral CCA occlusions plus hypotension 

Four-vessel occlusion model of forebrain ischemia 
Transient bilateral CCA occlusions plus permanent vertebral artery occlusions 

lschemia models involving elevated cerebrospinal fluid pressure 
Bihemispheral forebrain compression-ischemia 
Unihemispheral forebrain ischemia 

Miscellaneous global ischemia-producing strategies 
Neck tourniquet 
Decapitation 

Levine preparation of hypoxia-ischemia and its modifications 

Models of focal cerebral ischemia in rats 
Middle cerebral artery occlusion and its variants 
Stroke in the spontaneously hypertensive rats 
Photochemically induced focal cerebral thrombosis 
Miscellaneous models of cerebral embolism and thrombosis 

Blood clot embolisation 
Microsphere embolisation 
Photochemically initiated thrombo-embolism 
Arachidonate-induced thrombosis 

Models of cerebral ischemia in gerbils 
Unilateral CCA occlusion 
Bilateral CCA occlusion 

CCA, common carotid artery. According to M.D Ginsberg and R B. Busto50. 
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testing a potential treatment for both toxicity and efficacy. However it must be 
emphasised that unjustified confidence placed i n  treatment results from one stroke 
model can have l i ttle or no relevance to human disease.66

•
1 6 1  

Not only low costs make rodents, such as rats and gerbils, more sui table in 
stroke models, but also the large homogeneity with i n  strains, the close resemblance 
of the cerebrovascular anatomy and physiology to that of h igher species, the smal l 
brain size which makes it well-su ited to fixation procedures as in vivo freeze-trapping 
for biochemical analysis and the great acceptability (compared with sub-human 
primates) from both ecological and ethical perspectives seem to make them more 
appropriate for stroke research. Gerbil stroke models have been compared to the rat 
models. The major advantage of the gerbil model is that on ly one or two common 
carotid arteries must be occluded to give neurological damage. However there are 
also some major disadvantages: Gerbils are, for instance, so smal l  (50-80 g) that 
physiological mon i toring is difficult. Two other major handicaps are the low stroke 
incidence after carotid artery occlusion (a third) and the susceptib i lity of th is species 
for seizures which i ntroduces a confounding variable into the assessment of the 
ischemic outcome. So the rat is probably one of the most ideal species for 
experimental cerebral ischemia research and this has led to a large diversity i n  rat 
cerebral ischemia models which can be divided into global and focal ischemia 
models (table 1 ).50

•
77 

The focal ischemia models and i n  part icularly the middle cerebral artery 
(MCA) occlusion model 1 54 have gained increasing acceptance in the recent years 
owing to their relevance to the human clin ical settings. 45

•
1 01 The variabi l ity of the 

areas affected, in di fferent strains,29 and the large size of the i rreversible damaged 
areas are, however, the most disadvantageous characteristics of these models. The 
number of animals needed to measure any beneficial effect of pharmacological 
interventions i n  MCA models is therefore very large.50•95• 1 3 0  The complexity of the 
surgical procedure in the permanent MCAO model is notorious, but the surgical 
procedure for the reversible MCAO model is even more compl icated. 1 1 1 This 
distinctive makes the use of this model more difficult in experimental stroke research 
(for example i nto the formation of radicals) in which reversibi lity of blood f low is 
desired. Recently questions have been raised about the accuracy of MCAO models to 
predict cl i n ical effectiveness. This is merely founded on the observation that the drug 
efficacy in MCAO models is largely based on strain dependent di fferences. 1 30 

The Global ischemia models were developed in a great diversity (table 1 ). In 
this thesis a modified Levine model is used.3r',78 The essential characteristic of our 
reperfusion model is that, one carotid artery is occluded for maximal 20 mi nutes and 
during the same time the rat is actively vent i l ated with a gas mixture containing 
nitrogen and a low oxygen content (10%). Although the ischemia is different i n  the 
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discrete brain structures, the major advantages of this straightforward model are the 
relative simplicity of the surgical i ntervention and the ischemidhypoxic procedure, 
the reproducibility of the damaged area and the fact that the clinical relevant MCA 
area is affected. The mortality in our model is also low, probably because of the 
unilateral aspect of the damage, which leaves in general one brain half undamaged.77 

In Chapter 2 much attention is given to this model and its reproducibility; especially 
the influence of bloodpressure on damage outcome is analysed. 

1.1 1 Outline of this thesis 

28 

The first part of this thesis (chapter 2 and 3)deals with the physiological and 
neurobiological aspects of the modified Levine model used and with the post 
hypoxidischemic morphological changes in neurons and glial cells, characterised 
using immunohistochemistry. In chapter 2 the surgical procedure for the modified 
"Levine" model and several physiological characteristics are presented. The changes 
in bloodgas composition and pressures during the hypoxidischemic procedure are 
observed and the influence of the relative mean b!oodpressure decrease on the 
neuronal damage in d i stinct brain regions is identified . This characterization was 
necessary for the pharmacological studies presented in later chapters (7, 8 and 9 )  for 
correction of possible pharmacological affected blood pressures. Chapter 3 deals 
with the morphological and immunohistochemical changes in neurons and glial cells 
at different time points after hypoxia/ischemia using silver and Nissl staining for the 
detection of affected cells. Antibodies directed against Murine Clone (MUC) -102 and 
Glial F ibri llary Acidic Protein (GFAP) revealed transformations in the glial 
compartment. Moreover, for distinct brain regions different time-dependent processes 
are described and categorised. 

As less is known about the exact localisation and role of the free radical 
scavenging enzymes glutathione peroxidase and reductase considerable effort is put 
into description of the distribution of these enzymes. In chapter 4 an anti-sense probe 
directed against the mRNA of Se-dependent Glutathione peroxidase (GPx) is applied 
for in situ hybridisation purposes. The alterations of mRNA expression levels of GPx 
in ischemia sensitive areas shortly after hypoxia/ischemia are described and 
quantified in chapter 5. The availability of an anti-body directed against glutathione 
reductase enabled us to describe the distribution (chapter 6) of this enzyme in rat 
brain and different mice strains. This work clearly indicates the possibility of a 
distinct strain-dependent regional scavenger distribution throughout the brain. 

The remainder of this thesis is focussed on the pharmacological intervention 
of hypoxia/ischemia induced damage. In chapter 7 rats are pre-treated for 1 4  days 
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with L-deprenyl (selegiline, a MAO-B inhibitor) and results indicate that the 
hypoxidischemic damage is decreased regional ly dependent by this treatment. Such 
a damage reduction occurred in the Caudate putamen, cortex , Substantia Nigra and 
thalamus. Further experiments with the MAO- inhibitor Lazabemide (Ro 19-6327) 
indicate (chapter 8) that the reduction of damage by L-deprenyl is MAO-B 
dependent and not merely an effect of a L-deprenyl-dependent upregulation of the 
scavenger enzymes. However, in the Substantia Nigra a MAO-B independent effect 
of L-deprenyl (possibly through scavenger enzymes) can not be excluded. Ebselen or 
(PZ-5 1 ) , a glutathione peroxidase mimic is used in order to analyse the protective 
effects of a g lutathione peroxidase analogue. In this design the breakdown of 
hydrogen peroxide (partly produced by the catabolism of dopamine by MAO) to 
hydroxyl radicals is prevented. In Chapter 9 the protection of an Ebselen-treatment in 
the Caudate putamen is described and quantified. Additional Magnetic Resonance 
Imaging-experiments in rats indicate that this protection is not blood-flow dependent. 

In the last part of this thesis (chapter 10 and 1 1) the role of steroid hormones 
in development of neuronal damage after stroke are studied. The plasma 
corticosteroids levels were manipulated pharmacologically, by an either acute or 
chronical pre-treatment, before an experimental insult was generated. All findings of 
this thesis are summarised and discussed in chapter 12.  
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SUMMARY 

38 

A modified Levine rat stroke model was evaluated with respect to blood 
pressure variations and regional brain damage. Anaesthetised rats were exposed to 20 
minutes of hypoxia with simultaneously unilateral carotid artery occlusion. Twenty-four 
hours later these rats were perfused and brain sections were stained with silver 
impregnation to reveal brain damage. Induction of hypoxia/ischemia resulted in a mean 
arterial blood pressure (MABP) decrease of 61  ± 2% of basal level. Twenty-four hours 
later an unilateral silver staining was usually seen in parts of the caudate putamen, the 
cortex, the hippocampus and the thalamus. In addition 44% of the rats showed damage 
in the substantia nigra. MABP decrease during hypoxia/ischemia correlated with the 
extent of the brain damage. Exclusion of data of rats having less than 60 % MABP 
decrease during hypoxia/ischemia increased the reproducibility of brain damage in this 
model. The present Levine preparation appears to be suitable for testing potential 
neuroprotective agents, provided blood pressure is monitored carefully. The high 
reproducibility, low mortality and easy surgical procedures make our model attractive 
(or stroke research. 



A transient NLevine• rat stroke model 

INTRODUCTION 

Of the several animal stroke models, the Levine model combines hypoxia and 
ischemia, a common clinical condition 6'8' 1 4

• This preparation can be used with or 
without reperfusion or in repetitive episodes of ischemia/hypoxia. The combination of a 
reversible unilateral common carotid artery occlusion and hypoxia predominantly 
induces ipsilateral brain damage and this feature explains the relatively high survival 
percentage. The model has been used in a number of investigations to assess 
neurobiochemical consequences, neurodegeneration and potential neuroprotective 
interventions on brain damage 5

'
9
'
29

• Brain damage arises not only during the ischemia 
period itself but also during reperfusion, so neuroprotective therapies should also be 
tested in transient ischemia models 32 • 

In this study we have validated a Levine rat stroke model, namely a 20 minutes 
unilateral common carotid artery occlusion combined with hypoxia followed by a 24-h 
reperfusion period. In contrast to most Levine preparations hypotension caused by 
hypoxia was allowed so that a ischemia (shortage of substrate supply) rather than 
relative oligemia (deficiency of oxygen provision) was established 6•20•21 • In the present 
investigation the importance of controlling blood pressure was studied. 

Damaged cells were identified using a reliable silver impregnation method, 
which is known to stain damaged cells 5•9•

1 3 • 

MATERIALS AND METHODS 

Animals and surgical procedures: 
Twenty-one adult male Wistar rats (Centraal Proefdieren Lab., Gron ingen the 

Netherlands), fed ad l ibitum, weigh ing 255-390 g were used. Anaesthesia was induced by an 
i.p. injection of 50 mg/kg sodium pentobarbita l .  This anaesthetic effectively sedated the animals 
during the hypoxidischemic procedure and about 1 5  minutes thereafter. Surgical p rocedures 
were performed under spontaneous breathing. The left femoral artery was exposed and 
cannulated with a polyethylene tube for continuous blood pressure recording. The left carotid 
artery was exposed for later occlusion. A thermistor probe was i nserted in the rectum to monitor 
the body temperature. After this surgery the rats were intubated and connected to an infant 
breathing venti lator (M.K. 2 Hoek Loos) for the hypoxia/ischemia procedure. 

Transient hypoxialischemia: 
The transient hypoxia/ischemia procedure consisted of 1 0  min normoxia (70% N20; 

30% 02), 20 min hypoxia (90% N20; 1 0% 02) with simultaneously un i lateral carotid artery 
occlusion induced by a microvascular c l ip, fol lowed by 1 0  min normoxia and removal of the 
cl ip. During this procedure mean arterial blood pressure (MABP) was recorded continuously 
with a disposable pressure probe (Uniflow™ Baxter) and body temperature was maintained at 
37.0 ± 0.5°C by a lamp and a heating pad. After termination of the experiment, the femoral 
artery was l igated, the wounds were closed, and the animals were detached from the venti lator 
and housed individual ly, with free access to food and water. This procedure of 
hypoxia/ischemia enabled us to use the brain side contralateral to the occluded artery as a 
control for possible effects of the hypoxia alone. 
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Twenty four hours after the transient hypoxia/ischemia the rats were deeply 
anaesthetised ( 1 00 mg/kg sodium pentobarbital) and perfused transcard ia l ly with 50 ml of 0.9% 
sodium chloride fol lowed by 400 ml of 4% paraformaldehyde in 0. 1 M borate buffer (pH 
9.5)10• Then the brains were removed and postfixed for 24 hours in the same fixative solution 
and cryoprotected overnight in 0. 1 M phosphate buffer (pH 7.4) with 20% glucose at 4"C. Serial 
sections of 40 µm were cut on a cryostat microtome and col lected in 4% paraformaldehyde i n  
phosphate buffer (pH 7.4). 

Silver impregnation: 
The modified Gal lyas si lverimpregnation procedure of Nadler and Evenson (1 983), 

which identifies degenerating cel l bodies and their processes, was employed to identify 
damaged cells 5 ,9,1J,n_ In brief, free floating sections were rinsed 3 x 5 min. in double d istilled 
water, 5 x 5 minutes in pre-treatment solution conta in ing 4.5% sodium hydroxide and 0.6% 
ammon ium nitrate, impregnated for 1 0  min .  in a solution containing of 5.4% NaOH, 6.4% 
N H4NO3 and 0.3% AgNO3• Subsequently, the sections were rinsed 3 x 5 minutes in a 0.5% 
Na2CO3 and 0.0 1 2 %  N H4NO3 solution in 30% ethanol, and then they were developed in  a 
mixture of 0.057% citric acid, 0.55% formalin, 9.6% ethanol, 2.7% NaOH and 0.006% 
N H4NO3• This last step was carried out without agitation. Thereafter the sections were fixed for 
4 min .  in a 37.5% hydrated sodium thiosulphate (Na2S2O3. 5H2O) solution and rinsed 3 x 5 
minutes in double disti l led water, and mounted with gelatin chrome-alum, air dried dehydrated 
in graded alcohol and xylol and coversl ipped with DEPEX (BDH, Poole, UK) .  The sections were 
analysed with l ight- and darkfield microscopy. 

Data and statistical analysis: 
At different rostro-caudal levels coronal sections stained with si lver impregnation were 

examined by experimentators who were bl inded to the procedure/treatment of each individual 
rat. At bregma 0.2 mm, according to the stereotaxic atlas of Paxinos and Watson 1 7, the 
damaged area of the caudate putamen and cortex was determined. This was done for the 
hippocampus and thalamus at bregma -3.3 mm, and for the substantia n igra at bregma -5.3 mm. 
The damaged areas, revealed with si lver impregnation, were calculated from camera lucida 
drawings on mi l l imetre paper. All data are means ± SEM; the d ifferences between means were 
determined by a two tailed Student's t test for unpaired data and were considered significant at 
p <  0.05. 

Arterial blood gases and pH: 

40 

To prevent possible infl uences of blood loss on damage outcome another group of 
n ine male Wistar rats, fed ad l ibitum weighing 270-3 1 5  g, underwent the same surgical 
procedures and hypoxia/ischemia as the first group and were used to measure in this model the 
arterial blood gases and pH. Therefore smal l blood samples (200-300 ml) were drawn from the 
arteria femoral is 1 minute before the hypoxia/ischemia, 1 0  minutes after the onset of the 
hypoxia/ischemia and 1 0  minutes after i nduction of the second normoxia period. Arterial Po2, 
Pco2 and pH were measured on a Radiometer ABL 330. 
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Figure 1. Time course of the mean arterial blood pressure (MABP ± SEM) during the first 
normoxia, the hypoxialischemia and the second normoxia period in controls; left panel (A) 
includes all rats (n = 1 7) ; right panel (8) MABP time course data of rats with more (n = 
1 1) and less (n = 6) than 60 % bloodpressure decrease during hypoxialischemia. 

RESULTS 

Blood pressure decrease: 
In 1 rat the MABP could not be followed because of coagulation in the 

catheter. The time course of MABP during the first normoxia, the hypoxia/ischemia and 
the second normoxia period for all other animals is shown in figure 1A. After induction 
of the hypoxia/ischemia period MABP decreased in two minutes from 155 ± 3 mm Hg 
(ranging from 133 to 175 mm Hg) during the normoxia period to 61 ± 3 mm Hg 
(ranging from 41 to 81 mm Hg); a MABP decrease of 61 ± 2 %. After removal of the 
microvascular clip and re-installation of the normoxia, MABP reached pre-ischemic 
levels (149 ± 3 mm Hg) again within 6 minutes. The MABP time course in animal 
groups divided according to mean arterial blood pressure decrease levels of 60% or 
less during the hypoxia/ischemia, is shown in figure 1 B (not treated with any drug). 
From 8 minutes after the application of the microvascular clip until its removal (t = 
20), the MABP levels were significantly different in both groups (p < 0.05). Four and 6 
minutes after re-installation of normoxia the pre-hypoxidischemic MABP levels are 
reached in the groups with less (n = 11) and more (n - 6) than 60% MABP decrease, 
respectively. 

Survival percentage: 
After the transient hypoxia/ischemia three of the twenty-one rats that were 

used died within twenty-four hours, which is a survival percentage of 85.7 % .  
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Figure 2. Dark-field photomicrographs of silver-stained brain sections twenty four hours 
after transient unilateral hypoxialischemia. The white areas indicate accumulation of 
silver and represent neuronal damage. Damage is seen in the ipsilateral hemisphere. 
Large parts of the caudate putamen (Cpu) and the cortex (Cx) are affected (A). 
Damage is also seen in the hippocampus (Hip) and parts of the thalamus (Th) (B). 

Brain damage: 

42 

In the sections a unilateral brain damage was revealed by silver 
impregnation. Examples of silver-stained sections at two levels of the forebrain are 
shown in figure 2. Damage was usually seen in the dorso-lateral part of the caudate 
putamen, and in the motor, somatosensory and auditory area of the frontoparietal 
cortex (figure 2a). In most animals large parts of the hippocampus (CA 1 ,  CA2, CA3, 
CA4 and dentate gyrus) and the thalamus were also affected (fig 26). Damage in the 
thalamus was usually seen in the lateral posterior nucleus (LP), posterior nuclear 
group (Po), the paraventricular nucleus (PVP) and the ventroposterior nuclei (VP) . The 
si Iver stained areas had appearances of both selective neuronal necrosis and cerebral 
infarction. In  addition eight of the eighteen rats showed damage in the GABA-ergic 
substantia nigra pars reticulata (SNr). The average percentage area damaged of the 
five structures examined is shown in figure 3. The mean infarcted area of the caudate 
putamen at bregma 0.2 mm was 54 ± 8 % and at the same cross-section 35  + 8 % 
of the cortical area was damaged. At bregma -3 .3  m m  the thalamus and the 
hippocampus were both affected for 43 ± 8 %. The substantia nigra, at bregma -5.3 
mm, was damaged on average for 36  ± 13  % .  In the side contralateral to the 
occluded artery no silver staining was found, which indicates that the hypoxia and 
the drop of bloodpressure alone was not sufficient to damage. So hypoxia should be 
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Figure 3. Mean percentage damaged area ± SEM of five examined structures in the 
ipsilateral hemisphere twenty-four hours after transient unilateral hypoxialischemia. The 
caudate putamen (Cpu) and cortex (Cx) were examined at bregma 0.2mm, thalamus (Th) 
and hippocampus (Hip) at bregma -3.3mm, and substantia nigra (SN) at bregma -5.3mm. 
(n= 1 7). 

combined with the clipping of the artery to induce any damage. 

Correlation between blood pressure and damage: 
The experiments showed a variability in the levels of MABP decrease during 

hypoxia/ischemia that might contribute to the observed variation in damage size. The 
correlation between the MABP decrease during hypoxia/ischemia and the brain 
damage twenty four hours later is demonstrated in figure 4. It shows the damaged 
regions in the forebrain of three rats exhibiting different levels in MABP decrease 
during hypoxia/ischemia. Figure 4a shows brain damage at three rostro-caudal levels 
of a rat with 62 % MABP decrease during hypoxia/ischemia in which large parts of 
the caudate putamen, cortex, thalamus, hippocampus and substantia nigra are 
affected. A MABP decrease of 58 % revealed far less damage in the cortex and 
thalamus as can be seen in figure 46. The caudate putamen and hippocampus were 
also less affected while in the substantia nigra no damage was detected at all. Figure 
4c shows the results after 52 % MABP decrease during hypoxia/ischemia: no brain 
damage at al l. These observations suggested that MABP decreases during the 
hypoxia/ischemia of more than 60% from the basal level significantly reduced the 
variability in damage size. This was tested statistically by dividing rats into two 
groups, one group (n - 6) with less than 60 % MABP decrease during 
hypoxia/ischemia and the other group (n = 1 1 ) with more than 60 % MABP decrease 
during this period. All rats with more than 60% MABP decrease from the 
pre-ischemic level showed an absolute MABP of less than 64 mm Hg during 
hypoxia/ischemia. 
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-62% -58% -52% 

Figure 4. Coronal sections at three rostro-caudal forebrain levels showing the correlation 
between MABP decrease during transient hypoxialischemia and the brain damage seen 
in silver-impregnated sections obtained from rats twenty-four hours after surgery. A: 
Coronal sections of a rat with 62 % MABP decrease during hypoxialischemia showing 
damage in large parts of the caudate putamen (CPu), cortex (Cx), thalamus (Th), 
hippocampus (Hip) and substantia nigra (SN). B: A MABP decrease of 58 % with less 
damage in the caudate putamen, cortex, thalamus, and hippocampus and no detectable 
damage in the substantia nigra. C: A 52 % MABP decrease during hypoxialischemia 
resulted in no brain damage at all. 
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Figure 5. Diagram showing damage in the examined brain structures twenty-four hours 
after transient hypoxialischemia of a group of rats showing a more than 60% MABP 
decrease from basal /eve/ ( >60%; n=1 1) and a group with less than 60% MABP decrease 
( <60%; n=6). In all brain areas the damage was significantly less, with no damage in the 
SN, in the higher MABP group. Abbreviations see legend figure 2 and 3. 

Damage in all the five examined structures differed significantly between 
these two groups as is shown in figure 5. Comparisons of the damage revealed 
respectively for the caudate putamen: 11 ± 7 % damaged area in the group with less 
than 60 % MABP decrease versus 79 ± 5 % in the group with more than 60 % 
MABP decrease (p < 0.001 ); the cortex: 2 ± 1 % versus 60 ± 8 % (p < 0.001 ); the 
thalamus: 8 ± 7 % versus 63 ± 7 % (p < 0.001 ); the hippocampus: 17 ± 11 versus 
62 ± 10 % (p < 0.05). In the substantia nigra the whole group of rats with less than 
60 % MABP decrease during hypoxia/ischemia showed no detectable damage at a l l ,  
while the mean affected area of the group with more than 60 % MABP decrease was 
65 ± 13 %. 

Arterial blood gases and pH: 

Data of arterial blood Po2, Pco2 and pH during the f irst normoxia, 
hypoxia/ischemia and second normoxia period are presented in table 1. Ten minutes 
after onset of the hypoxia/ischemia period arterial Po2 was decreased from 16.4 ± 
0. 7 KPa to 4.0 ± 0.2 KPa, while Pco2 was declined from 4.2 ± 0.3 to 3.6 ± 0.2 KPa. 
The mean pH at this time (7.48 ± 0.02) was not increased compared to normoxia 
(7.46 ± 0.02). Ten minutes after induction of the second normox ia  period arterial Po2 

had reached pre-ischemic levels (16.2 ± 0.6 KPa) again, while Pco2 (3.5 ± 0.2 KPa) 
was sti ll reduced compared to the first normoxia period. The pH at this t ime was still 
7.48 ± 0.2. 
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Table 1. Mean levels of arterial partial oxygen (POz) and carbondioxide pressure (PCOz) 
in KPa and acidity (pH) during different stages of the experiment. 

PERIOD PH 

Normoxia I 1 6.4 ± 0.7 4.2 ± 0.3 7.46 ± 0.02 

Hypoxialischemia 4.0 ± 0.2 3.6 ± 0.2 7 .48 ± 0.02 

Normoxia II 1 6.2 ± 0.6 3.5 ± 0.2 7.48 ± 0.02 

DISCUSSION 

46 

A twenty minutes unilateral common carotid artery occlusion combined with 
hypoxia (10%) in rats led on average to a more than 60 % MABP decrease from basal 
levels thereby achieving an ischemia in one hemisphere. During the 
hypoxia/ischemia period and during the reperfusion period the pH remained at 
pre-ischemic levels indicating that an extra damage caused by arterial acidosis can be 
ruled out. Twenty-four hours later 85% of the treated rats had survived and silver 
impregnation, a reliable method to detect damaged cells 27, in brain sections of these 
animals revealed a reproducible damage in the clinically relevant middle cerebral 
artery (MCA) perfused area. Damage was found in parts of the caudate putamen 
(dorso-lateral area), the cortex (sensoric, auditoric and motor area), the thalamus (LP, 
Po, PVP and VP) and the hippocampus (CA 1, CA2, CA3, CA4 and dentate gyrus). 
Half of the experimental group showed also damage in the substantia nigra (SNr). 

A correlation was found between the extent of MABP decrease during 
hypoxia/ischemia and the extent of brain damage. Compared with a MABP decrease 
of more than 60%, a MABP decrease during hypoxia/ischemia of less than 60% gave 
rise to far less brain damage and in some cases even no detectable damage. By 
exclusion of rats with less than 60% MABP decrease the reproducibility of damage in 
our model increased. Although our results did not look beyond 24 hrs other 
experiments (not shown) indicate that the same exclusion criteria can be used upto 7 
days after hypoxia/ischemia. The observed correlation between blood pressure 
decrease and brain damage indicates that changes in cerebral blood flow (CBF) play 
an important role in the achievement of brain damage in our model. CBF studies in, 
conscious immature rats undergoing also unilateral hypoxia/ischemia showed that the 
ipsilateral regional CBF in  neocortex, caudate putamen and thalamus decreased with 
83 %, 66 % and 59 % respectively whereas CBF in the contralateral neocortex 
remained normal and increased in the caudate putamen and thalamus 10. The 
hierarchy of blood flow reduction correlated closely with the extend of neuronal 
necrosis and/or infarctions. These above mentioned CBF reductions are known to 
produce brain damage in adult animals with global ischemia without concurrent 
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hypoxia 16•18 • It is known that also in these models rats show hypotension induced by 
hypoxia 3 1 • It all indicates that in our model most likely a pure ischemia, i.e. a 
shortage of oxygen and substrate supply, is established in the ipsilateral hemisphere. 
The question remains how the blood pressure decrease correlates with reductions in 
CBF during hypoxia/ischemia. It is known that in conscious animals and humans the 
CBF autoregulation is preserved within a certain range of MABP levels 2•7

•
33

• Under a 
certain MABP, in humans known as 60 mm Hg, CBF autoregulation fails resul ting in 
a linear correlation between MABP and CBF. We, therefore, suggest that also in our 
hypoxia/ischemia model this relationship exists. Finding no damage in our model 
when MABP was above 64 mm Hg during hypoxia/ischemia indicates that above this 
level CBF autoregulation was preserved. 

Levine preparations whereby blood pressure is kept constant during ischemia 
differ at this point essentially from our model. Instead of an pure ischemia they 
produce a state of relative oligemia, i.e. a deficiency of oxygen supply 6

•
20

•
2 1  

Therefore these models can be criticised on the fact that they cannot be seen as  true 
global brain ischemia models. 

A advantage of our model is that surgical procedures are relatively easy 
compared with other stroke models, so that the mortality due to the operations is 
minimal. The high survival percentage (85%) twenty-four hours after 
hypoxia/ischemia is explained by the appearance of unilateral brain damage instead 
of bilateral brain damage. In other models, like four vessel occlusions and MCA 
occlusions, mortality is much higher due to either the complexity of the surgical 
procedures or the extent of brain damage 1 •6•22•26 

• 

Because brain damage not only arises during the ischemic period but also 
during reperfusion l2 it reasonable to use transient ischemia models for testing 
neuroprotective drugs. Especially during the first hours of reperfusion a progressive 
neuronal damage is observed and it is suggested that this damage is particularly 
caused by formation of free radicals 23'28'32 

• In our model during reperfusion we 
observed increased glutathione peroxidase mRNA levels at the affected side of the 
brain, as could be revealed by in situ hybridisation 11

• This supports the idea that also 
in our model free radical formation during reperfusion plays an important role in the 
induction of brain damage. Based on the above mentioned observations, in the last 
decade interest has increased in testing radical scavengers and antioxidants for their 
efficacy in reducing cerebral damage after transient ischemia 28• 

L-deprenyl pre-treatment in our model reduced brain damage significantly 
(Chapter 7).The drug treatment did not affect the extent, the time course of blood 
gases (not shown) and blood pressure changes during and after hypoxia 1 2 and thus 
offer no explanation for the substantial protection found in this model. The 
significance of our results and model was confirmed by others 25 who also found 
protective effects of L-deprenyl in a MCA model. L-deprenyl commonly known as a 
MAO-B inhibitor is thought to have neuroprotective effects by increasing the activity 
of the radical scavenger enzymes SOD and catalase 3•4•8•24 and/or to have an effect on 
the (potentially) harmful hydrogen peroxide concentration because of the decreased 
breakdown of dopamine by MAO. L-deprenyl is used prophylactically in 
neurodegenerative disorders such as Parkinson 's disease, in which it gives 
diminished progression of disability and increased neuronal survival 1 5·n. In our 
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transient hypoxia/ischemia model L-deprenyl pre-treatment resu lted in a s ign i ficant 
decrease of damage, which suggests that this model is suitable for testing 
neuroprotective therapies. 

In conclusion, the resu lts show that, because of the h igh reproduci bi l ity, low 
morta l ity and easy surgical procedures th is model of transient un i lateral carotid artery 
occlusion with hypoxia (20 min) and a concurrent more than 60% MABP decrease is 
a very suitable and rel iable model for test ing potential neuroprotective therapeutics, 
especia l ly when reperfusion injury is thought to be particularly i mportant. 
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The astroglial and microglial response to 20 min of transient cerebral 
ischemia/hypoxia (modified Levine model) in different brain structures was examined 
in relation to the development of neuronal damage. Survival times ranged from 3 
hours to 7 days. Effects of ischemia on neurones, astrocytes and microglial cells were 
characterised by using respectively a Silver-impregnation technique and Glial 
Fibrillary Acid Protein (GFAP) and MUC- 1 02 immunocytochemistry. Results 
indicated a differential reaction of glial eel Is in the different brain structures. We 
distinguished acute (infarcted), early , and delayed damaged areas. Acute (infarcted) 
damage measured after 3 hours was found in the substantia nigra and characterised 
by neuronal and glial cell death, resulting in intense silverstaining and reduced 
GFAP-immunoreactivity. Infiltration of microglia in the infarcted core was observed 
from 12 hours on, which resulted in an intense MUC-1 02 immunoreactivity over the 
entire area at 24 hours. In areas with early neuronal damage (such as the thalamus 
and dentate gyrus) the neurons were argyrophilic, however GFAP did not disappear 
and was rather upregulated. No marked microgli al activation or infiltration was seen 
until 7 days. Delayed damaged structures, like the parietal cortex and the CA 1 area of 
the hippocampus, showed remarkable phenomena that possibly could influence the 
development of neuronal damage. In these areas an impressive upregulation of 
GFAP- and MUC-1 02 staining was seen from 72 hours onward. However, the most 
severely affected parts of the parietal cortex and the CA 1 area (as measured by silver 
impregnation) showed an excessive microglial reaction and also a strikingly prompt 
loss of GFAP- positive astrocytes was observed. This might indicate that the 
neurological outcome after an ischemic event was worsened by excessive numbers of 
highly activated and infiltrated microglia which possibly affected the integrity of the 
astrocytes. 
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INTRODUCTION 

Transient cerebral hypoxia/ischemia triggers a differential sequence of 
damage development. Development of neuronal damage can be divided into three 
main patterns; Acute (infarction), early and delayed neuronal damage. Long ischemic 
periods cause acute (after 3 hours) neuronal and astroglial cell death29•48

, possibly as a 
consequence of high intrace l lu lar acidosis by ionic pump failure. Early damage 
occurs after 3 hours and is characterised by selective neuronal degeneration most 
likely a consequence of progressing depolarisation events due to a decreased activity 
of the enzyme Na+ /K+ ATP-ase23

•
24

• Delayed damage becomes apparent between 24 
and 72 hours and is also selective neuronal 1 9'37 This kind of damage might be a 
consequence of advanced depolarisation processes and g lutamate cytotoxicity, 
eventually leading to a Ca2+ -'overload' causing deterioration processes of cellu lar 
organelles6•30•4 1 • Also the involvement of reactive oxygen species is mentioned as a 
cause of delayed neuronal cell death 1 5•25•3 1

• 

Neuronal damage is accompanied by reactions of astrocytes and microglia. 
Astrocytes are thought to have many functions beneficial to neurons, for example in 
providing structural support and regulating the neuronal homeostasis, This astrocytic 
reaction has been examined in most studies by using immune-reactivity ( IR) for glial 
fibrillary acidic protein (GFAP) 1 6

•
1
1·

J
J .  In affected areas most studies show an 

enhanced expression of GFAP within 1 -2 days after reperfusion and a changed 
astrocyte morphology from small starshaped cells to swollen hypertrophic cells with 
long processes. 

Recently, also microglial reactions have been described to a certain 
extend9•26

• Microglial cells are the macrophages of the brain. In the resting 
morphological state microglial cells show tiny cellbodies with strongly ramified 
processes34•43 and are widely distributed throughout the brain. After local damage to 
the Central Nervous System microglial cells are easily activated and infiltrate the 
injured areas. In the activated state microglial cells exhibit swollen perikarya with 
short thick processes 1 1 •28•41 • So far, morphological studies mainly examined the 
distribution patterns of astrocytes and microglia cells separately. Therefore, less is 
known about the co-localisation and possible interactions of glial cells in the same 
ischemic affected area. Also less is known about the relation between the pattern of 
neuronal damage in the different brain structures and the glial cell activation. In this 
respect, we studied in a modified Levine model the neuronal damage, the astroglial 
reaction by GFAP-IR and the specific microglial reaction by using a newly developed 
antibody directed against two structure proteins specifically on microglia, designated 
MUC-102 10

• 
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Animals and surgical procedures 
Forty male Wistar rats weigh ing 230-350 g were used. In pentobarbital (50 mg/kg; 

i .p.)  anaesthetised ani mals the left femoral artery was exposed and inserted with a 
polyethylene catheter for continuous blood pressure recording. The left carotid artery was 
exposed and the rats were intubated and connected to an infant breathing venti lator just before 
the onset of the ischemic period. The ischemic period was preceded by 1 0  m inutes of 
normoxia (30% 02 and 70% N2O) to obtain a stable level of b loodpressure. Hypoxia/ischemia 
was induced by unilateral c l ipping of the carotid artery and simultaneous reduction of the 
oxygen content to 1 0% 02 (and 90% N 2O)21

• After 20 minutes the cl ip was removed and the 
rats were ventilated with 30% 02 and 70% N2O for another 1 0  minutes. The rectal temperature 
was monitored and maintained at 36.5 ± 0.5 °C by means of a heating pad and an 
incandescent lamp. The animals returned to their cages and were sacrificed 3 hours, 6 hours, 
1 2  hours, 24 hours, 3 days and 7 days after surgery (n - 6  i n  each group). Sham controls 
underwent the same experimental procedure except for the uni lateral c l ipping and the 
hypoxidischemic period which was replaced by mechanical ventilation with 1 0% 02 and 
90% N 2O. 

Tissue preparation 
The animals were deeply anaesthetised with an overdose of pentobarbital (80 

mg/kg; i.p.) and perfused transcardially with 50 m l  of 0.9% sod ium chloride fol lowed by 400 
ml of 4 % paraformaldehyde in 0. 1 M Borate buffer (pH • 9.5)20

• The brains  were removed 
and postfixed for 24 hours. Finally the brains were put overn ight in 0.1  M phosphate buffered 
sal i ne with 20 % glucose at 4QC to dehydrate the tissue. The brains were cut i nto 30µm 
coronal sections using a cryostat microtome. Adjacent sections stored in 0. 1 M 
phosphatebuffer (pH 7.4) + azide were used for Nissl stain ing and immunocytochemistry. 
Sections used for si lver i mpregnation were col lected and stored in a solution of 4 % 
paraformaldehyde in 0. 1 M phosphate buffer (pH 7.4). 

Silver impregnation procedure 
The modified Gal lyas s i lver i mpregnation procedure of Nadler and Evenson27was 

employed . In  brief, free floating sections were three times rinsed in  quartz dest i l led water and 
pre-treated for three times five minutes i n a solution contain ing 1 . 1  mol/L NaOH and 75 
mmol/L N H4NO3 • Tissue was subsequently impregnated for 1 0  minutes in 1 .4 mol/L NaOH, 
0.8 mol/L N H4NO3 and 1 8  mmol/L AgNO3• After rinsing th ree times for five minutes in 47 
mmol/L Na2CO 1, 1 . 5 mmol/L N H4NO3, 30 % ethanol the sections were developed for 1 
m inute in 0.07 % Citric Acid, 0 .55 % formalin, 9 .6  °lo ethanol, 0.675 mol/L NaOH and 0.75 
mmol/L N H4NO3• S i lver deposits were fixed for four m inutes i n  1 .5 mol/L Na2S2O3 . 5H2O, 
rinsed three times five minutes in d istilled water and stored in 0. 1 mol/L phosphate buffer pH 
7.4 before mounting on gelatin coated sl ides47• 

lmmunochemistry 
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lmmunocytochemistry was performed with the Avidin-Biotin-Peroxidase (N ickel 
enhanced) method20• The fol lowing mouse monoclonal antibodies were used: Anti-Gl ial 
Fibri l lary Acidic Protein  (GFAP) (Boehringer) against astrocytes marker protein  was used at 
1 :500; MUC(MUrine Clone)- 102 '0 rat microgl ial cel l s  selective was a kind gift from 
Gehrmann and Kreuzberg (Max Planck Institute, Martinsried) 1 : 1 000 and E D l  as "pan 
macrophage" marker (di luted 5 times). A l l  sections were rinsed in KPBS and pre"incubated 
with 2% Normal Goat Serum. The first antibody was incubated for 48 hours at 4 °C in a 
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medium contain ing 2% Bovine Serum Albumin (BSA) and 0.3% Triton X-1 00. Subsequent 
antibody detection was carried out by biotinylated sheep anti-mouse lgG secondary antibody 
1 :200 and ABC-Elite kit (Vector Labs, Burl ingame U.S.A.) with 3 ,3 '-diaminobenzid ine (DAB) 
as peroxidase substrate. 

Nissl-staining 
Mounted brain sections were dehydrated, defatted, re-hydrated, stained with Cresyl 

Violet and differentiated in ani l i ne, alcohol and HCI .  Final ly the sections were defatted with 
Xylol and coversl ipped with Depex. 

RESULTS 

After transient hypoxia/ischemia three types of damage development could 
be distinguished with the silver impregnation technique. In our study the substantia 
nigra was characterised as an area which is sensitive for acute damage (infarction). 
The silver staining, expressed as total affected area, revealed maximal argyrophilia in 
the substantia nigra 3 hours after reperfusion. From 3 hours onward this total affected 
area remained stable. Early damage was found from 3 hours after reperfusion onward 
in the thalamus, i.e. the reticular thalamic nucleus (Rt), the ventrolateral -and 
ventromedial nuclei (VL,VM, VPL) and the dentate gyrus (DG) of the hippocampus. 
However, at 3 hours after reperfusion the total affected area was not maximal and an 
increased silver staining was observed after 1 2  hours (42%). The maximal damaged 
area was seen from 3 days on (Fig.1 ). Typical areas exhibiting delayed damage after 
hypoxia/ischemia are the cortex and the CA 1 layer of the hippocainpus. In these 
regions the first significant increase in total silver stained area could be observed only 
after 3 days (28 %; Fig. 1 ). We studied the astrocyte and microglial response to 
hypoxia/ischemia in the substantia nigra, thalamus, dentate gyrus, CA 1 area of the 
hippocampus and the parietal cortex at different stages after reperfusion 

Acute damage (substantia nigra) 

Silver impregnation: A core of fully silver impregnated neurons in the 
substantia nigra was already formed 3 hours after the ischemic period (Fig. 2A). The 
intensity of the silverstaining increased further upto 24 hours after the ischemia 
although the infarcted area did not expand(Fig. 28). After longer reperfusion times the 
intensity of the silver staining decreased, probably because of the lost structure of the 
degenerating neurons. Silverstaining with a microglial appearance was observed at 7 
days of reperfusion (Fig. 2C). 

GFAP: In sham operated rats a diffuse GFAP-labelling was noticed in the 
substantia nigra (Fig. 3A). The core of the infarcted area, labelled with silverstaining, 
did not show any GFAP-IR after 3 hours of reperfusion (Fig. 3C). At 24 hours an 
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enhanced upregulation of GFAP-IR was observed on the borders of the infarct (Fig. 
3E}. After 7 days GFAP-IR was observed in astrocytes that had swol len cel l  bodies 
and long dendrites which extended into the center of the infarcted area (Fig. 3G}. 

MUC-102: Sham operated animals showed no MUC-1 02 - IR label l ing in the 
SN. Also at three hours of reperfusion no cel lu lar MUC-staining was noticed although 
the infarcted area showed increased background staining, possibly because of the 
tissue damage (Fig. 3D}. A massive activation and infiltration of MUC-positive 
microglia was seen in the affected area of the SN after 24 hours of reperfusion (Fig. 
3F). After 7 days of reperfusion the MUC-102 -IR was concentrated around the 
(degenerated} neurons, resulting in a less diffuse labelling over the entire area (Fig. 
3H}. 

Nissl: Strong hypercel l u larity was observed in the areas with MUC-102 
staining from 24 hours on. The neurons in the affected area had a swol len, dark 
appearance. 
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Figure 1: Total percentage of affected area in early damaged- and delayed damaged brain 
structures after different reperfusion times after transient hypoxialischemia. Significant 
differences among the successive reperfusion groups are performed by Student-t-test ( * p < 

0.05). 



Microglia, astrocytes and regional neuronal damage 

Figure 2: Darkfield overviews of silverimpregnated sections of the substantia nigra with 
reperfusion times of 3 hours (A), 24 hours (8) and 7 days (C). Note the fiber labeling in 
the cerebral peduncle at 7 days. 

Early damage (Thalamus and Hippocampal dentate gyrus) 
Silver impregnation: Early damage was seen in  the reticular -and ventro 

posterolateral parts of the thalamus. After three hours of reperfusion these structures 
showed low intensity, neuronal argyrophilia. Also the dentate gyrus of the 
hippocampus was early affected (6 hours of reperfusion; Fig. 48). The intensity and 
area of the silverstain ing increased with time and more neuronal labelling i n  these 
structures was observed after 24 hours (Fig. 4D). 

GFAP: In most structures that showed neuronal damage, GFAP-labelling was 
weak upto 24 hours, except for the hippocampal dentate gyrus which 
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Figure 3: Overview of glial staining in substantia nigra. GFAP staining in the left 
column showing a sham operated rat (A), loss of GFAP-IR in the infarcted core at 3 
hours of reperfusion, beginning upregulation of GFAP-IR on the borders of the 
infarcted area at 24 hours (C) and strong gliotic astrocytes at 7 days. No MUC-102 
staining at 3 hours (0) but massive activation and infiltration at 24 hours (F). After 7 
days the microglial reaction is concentrated on the damaged neurons (H). The 
examined area is shown in picture B. 
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Figure 4: Series of darkfield silver impregnated sections of parietal cortex and 
hippocampus. Diffuse axonal staining after 6 hours in the cortex (A). Full neuronal 
labeling and clusters of damaged cells in layers II, Ill and IV after 24 hours (C) and after 7 
days (E). Note the strong fiber labeling in layers V and VI and in the corpus callosum after 
7 days. The argyrophilic neurons in the DG at 6 hours (B). After 24 hours strong cellular 
labeling is observed in the CA 1 area and the OG. Strong fiber labeling is apparent in the 
CA 1 area and the DG after 7 days, but also neuronal degeneration observed in the 
pyramidal layer of CA 1 (F). 

showed a basal enhanced GFAP-immunoreactivity. Enhanced number and i ntensity 
of G FAP -IR was seen at three days in the affected thalamic structures. I n  the Inner 
blade of the dentate gyrus a striking disappearance of GFAP-immunoreactivity was 
noticed from 3 days on (Fig 6E, F). 

MUC-102: In  the early damaged areas the microglial reaction was moderate 
until 24 hours. From 3 days on MUC- 1 02 stain ing was seen in the dentate gyrus. In  
the Inner blade of  the DG where GFAP-IR was lost, the number 
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Figure 5: GFAP staining in a heavily damaged parietal cortex (A). In the most damaged 
areas according to the silverstaining the GFAP positive astrocytes are lost. In the same 
area MUC- 102 positive microg/ia are activated and infiltrated (C). Hypercellularity is shown 
by Niss/ in the infiltrated area (E). Damaged 'dark' neurons are occupied with several 
microglia/ nuclei (G). The right column shows a less damaged part of the cortex with only a 
few damaged neurons. Brightfield microscopy shows dark Silverstained neurons (H). The 
overall upregu/ation of GFAP is less prominent (B). The microglia/ reaction is specifically 
concentrated to the damaged neurons (D). Hypercellularity is hardly apparent in this area 
(F). 
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and intensity of the microglial cells was highly enhanced compared to the other parts 
(Fig 6H). In the thalamus the reaction remained very moderate. 

Nissl: No marked morphological changes were shown in Nissl sections until 
the appearance of the intense silver stained cells at 24 hours (Fig 4 D) . From this 
stage on the affected neurons showed intense Nissl staining. 

Delayed neuronal damage (Parietal Cortex) 
Silver impregnation: At 3 hours, a diffuse distribution of fibre silver staining 

was noticed in all layers of the parietal cortex, with only a few argyrophilic perikarya 
(Fig. 4A). The number of affected cells and the intensity of staining progressively 
increased upto 12 hours. From this stage onward perikarya were stained more 
obvious. Upto 24 hrs the silver stained area did not exceed the S % level (Fig 1 ). 
After 24 hours in particular layer Ill and IV clusters of argyrophilic cells were 
apparent. In contrast the layers V en VI showed a more diffuse labelling pattern (Fig. 
4C). After 3 days the clusters of damaged cells expanded longitudinally and a weak 
dendritic staining over all layers was noticed. This image was intensified at 7 days. In 
particular the fibre labelling in layers V and VI was prominent at this time point(Fig. 
4E). 

GFAP: Astrocytes were slightly more GFAP-positive at 24h in the affected 
areas compared to the sham-controls. Hypertrophic astroglial cells became apparent 
in the parietal cortex at 72 hours and showed swollen cellbodies and processes. This 
phenomenon was in particular apparent in the areas with slight neuronal damage 
(penumbra). However, in the core of the affected area, the GFAP-positive staining 
was completely lost. Highly hypertrophic GFAP-positive astroglia were found on the 
borders of these areas. Their processes seemed lengthened and directed towards the 
GFAP-unreactive area. After 7 days these "spots" of GFAP-negative immunoreactivity 
were increased in size (Fig. SA). In contrast, the less affected parts of the parietal 
cortex, exhibiting only a few silverstained, showed increased GFAP-immuno
reactivity in the layers with the silverstained dark neurons (Fig. SB and SH) .  

MUC-1 02: Microgl ial MUC-102 staining in the cortex was first observed after 
24 hours, showing only a moderate reaction. The microglial cel ls were characterised 
by ramified dendrites and small cellbodies. At 72 hours the microglia were 
morphologically changed into cells with short processes and swollen cell bodies and 
were in particular present in layer Ill and IV in which also an intense silverstaining 
was observed. Also at 7 days the MUC- 102 staining was very strong in layer Ill and 
IV, the areas with a dense silver staining (Fig. SC) .  Here also the microglia cells 
showed all morphological features of activation. 
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Figure 6 Slight basal GFAP-IR in the hippocampus of sham operated animals (a). No 
markedly upregulated expression at 24 Hours (C), but an increase in number and 
intensity of GFAP-positive astrocytes at 3 days. Strong gliosis in the hippocampus after 
7 days (G). In the sham operated rats no cellular MUC- 102 positive microglia are 
observed. A moderate reaction is seen in the CA 1 pyramid layer and the DG from 24 
hours on (D) to a more prominent reaction at 3 days (F) and massive activation and 
infiltration at 7 days (H). Note the loss of GFAP labeling correlates with the most heavily 
MUC-1 02 stained areas. 
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In layer I the MUC-102 IR cells had a more rod-like appearance and were less 
numerous. In parts of the cortex with less neuronal damage only a few microglial 
cells stained MUC-102 positive. From day three onward heavily activated microglia 
cells became ED1 positive and slightly MHC II positive. At 7 days all activated 
microglia cells were ED1 - and MHC II - positive. In less affected parts of parietal 
cortex after 7 days of reperfusion the microglia were attached very specifically to the 
few damaged (silverstained) neurons (Fig SD and SH). 

Nissl: Affected neurons showed the first signs of morphological changes at 
24 hours. In the areas containing silverstained neurons many "dark" neurons with a 
shrunken nucleus wxere present. The MUC-102 stained cortical areas showed 
hypercellularity with Niss! sta in ing after 3 days. This hypercellularity was more 
prominent after 7 days (Fig. SE). These areas showing hypercellularity were also 
characterised by the presence of many tiny nuclei in combination with the dark 
stained neurons. At higher magn ification the "dark neurons" appeared to be 
occupied also with the tiny nuclei (Fig. SG). In less damaged parts of the cortex, 
hypercellularity and occupation of damaged neurons with these tiny nuclei was less 
exp I icit (Fig. SF). 

CA 1 hippocampal area 
Silver impregnation: Hardly any si lverstain ing was noticed at 6 hours of 

reperfusion in the hippocampal CA 1 area (Fig. 4B). The first intense silver stained 
neurons were found in the pyramid cell layer at 24 hours (F ig. 40). Also fibre staining 
in the most medial part of the hippocampal CA 1 area was shown. After 7 days of 
reperfusion the pyramidal neurons in the CA 1 area were completely degenerated, 
resulting in a decreased intensity of cellular silver impregnation. However, At this 
point a massive fibre labelling over the entire CA 1 area was shown (Fig. 4F). 

GFAP: In sham operated an imals a slight GFAP-positive staining was 
apparent in the CA 1 (Fi g. 6A) area of the hippocampus which appearance was not 
changed upto 24 hours after the transient hypoxia/ischemia  (Fig. 6C). The GFAP 
labelling markedly changed 3 days after the ischemic event, showing  both an 
increase in number of GFAP-positive astrocytes and intensity of GFAP-IR (Fig. 6E). At 
7 days of reperfusion a "chaotic" pattern of GFAP-IR could be observed in the CA 1 
area; the CA 1 pyramidal layer was free from GFAP immunoreactivity but the 
adjacent areas contained highly activated hypertrophic astrocytes with lengthened 
swollen processes growing into the GFAP-negative area (Fig. 6G). 

MUC-1 02: Sham operated animals did not show any MUC-1 02 stained 
microglia in the hippocampus (Fi g. 6B). A moderate microglial stain ing in the CA 1 
pyramid cell layer was seen after 24 hours of reperfusion (Fig. 60), which increased 
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on ly slightly upto 3 days after hypoxia/ischemia ( Fig. 6F). However, at 7 days the 
activation and infil tration of microglia cel ls  was enormous, showing MUC-102 
staining over the entire CA 1 area with the highest in filtration in the CA 1 pyramidal 
layer ( Fig 6H). 

Nissl: Shrunken, dark cel ls were observed in the CA 1 -pyramidal layer from 
24 hours on after hypoxia/ischemia. In areas adjacent to the CA 1 a prominent 
hypercellularity was observed at the same time-point. 

DISCUSSION 

64 

In this study it has been shown that different processes may govern the 
development of neuronal damage in various brain structures. Acute damaged 
(ln farcted) areas such as the substantia nigra were characterised by non-specific cel l  
death, resul ting in intense si lverstaining and lack o f  the GFAP-immunoreactivity as 
soon as 3 hours after hypoxia/ischemia. Infiltration of microglia in the infarcted core 
was observed from 1 2  hours on, showing an intense MUC-102 immunoreactivity 
over the entire area at 24 hours. The thalamus and the dentate gyrus were 
characterised by early neuronal damage. In both these affected areas GFAP-IR was 
upregulated. On ly in the Inner blade of the dentate gyrus a striking disappearance of 
GFAP-IR was observed. No marked microglial activation and infil tration was seen in 
the thalamus and the dentate gyrus until 7 days. A different process was shown in 
the delayed damaged areas, like the parietal cortex and the CA 1 area of the 
hippocampus. In these brain structures the number of argyrophilic neurons and 
severity of trauma increased progressively with time. Although the total si Iver stained 
area was limited to 5 % until 24 hours after hypoxia/ischemia. In particular the 
parietal cortical layers Ill and IV and the hippocampal pyramidal cel l layer exhibited 
a conspicuous increase of neuronal damage which eventual ly  lead to massive 
degeneration of all processes (axons and dendrites). This degeneration was observed 
in the silver impregnated sections in which we found fibre labelling in a l l  cortical 
layers and the CA 1 area after 7 days. This latter phenomenon is thought to be the 
consequence of retrograde degeneration of presynaptic endings projecting on the 
traumatised neurons. A moderate microglial reaction was observed at 24 hours 
leading to a massive infiltration and activation of microglia at 7 days of reperfusion in 
the most severe damaged areas, i.e. the cortical layers Ill and IV and the hippocampal 
pyramidal l ayer. In spite of this excessive microglial activation high magnified Nissl 
stained sections revealed an association between microglia cel ls  and traumatised 
neurons; "dark spots" . Many microglia cells were attached to these damaged ('dark') 
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neurons, whi le neurons with a normal ('pale') morphology in the same area are free 

of microgl ia l  occupation. This 'clotting' to neurons is less obvious at ear l ier time 

points and in less affected areas. Here only a few microg l ia  cel l s  are activated and .are 

attached very specifical ly to the damaged neurons. 

In this study the disappearance of GFAP-label l ing in the heav i ly  affected and 

by microg l ia  infi l trated areas was remarkable. Former studies only showed 

disappearing of GFAP immunoreactivity in infarcted areas5
•

1 2
•
40 however in other 

(delayed damaged) areas always upregulation of GFAP-positive astroglia is  

reported32•
33

•
49

• These findings agree with our results, except for the delayed damaged 

areas with profound si lver sta ining (the cortex and hippocampus) . The disappearance 

of the GFAP-immunoreactivity in these areas at later reperfusion times cou l d  possibly 

be connected with the excessive microgl ial reaction in the same regions. However, 

the substantia nigra exhibited not this congruency between the disappearance of the 

GFAP immunoreactivity and the increase in MUC-1 02 immunoreactiv i ty. This 

indicates that at least the microgl ial proliferation in the substantia nigra, which might 

have phagocytic function, is not a necessity for the disappearance of the GFAP 

immunoreactivity. 

A possible causal mechanism for the disappearing of the GFAP 

immunoreactivity can be deduced from in vitro studies in which i t  is found that 

activated microgl ia can secrete neurotoxic molecu les such as radica l  oxygen 

intermediates (ROI) and glutamate4
'

1 3
•35•3"·

4
". In cultures of neurons, low 

concentrat ions of ROI such as superoxide, H202 and the hydroxyl radical has been 

shown to be highly cytotoxic. This  neurotoxic effect could be inhibited by the supply 

of the radical-scavengers catalase and superoxide dismutase. However, in co

cultures of microglia and neurons the neurotoxicity could not be prevented by 

scavengers, a l though the concentrations of ROI were s imi lar3". In these co-cultures 

the neurotox icity was found to be microglia-mediated by secretion of g lutamate and 

activation of NMDA-receptors 1
3

•
3

"·
44

• The harmfu l effect of this excitatory amino 

acid glutamate is  caused by overst imulat ion of the NMDA receptors of neurons, 

causing disturbance of the cell ular homeostasis23.
45 • 

The release of glutamate by microgl ia  can be buffered to some extend by 

astrogl ial  uptake and conversion to gl utamine 1 " .  If the astrogl ia l  re-uptake is  

insufficient to clear the synaptic cleft of glutamate, the neurotransmitter w i l l  show its 

neurotoxic effect. This  condition can be reached when excessive high levels of 

glutamate are produced by the massively activated microgl ia .  The uptake of this extra 

glutamate by astrocytes can stimu late release of Ca2 + from internal stores 1 and cause 

a breakdown of g l ial filaments38
• This phenomenon could explain the disappearing of 

the GFAP- I R. Studies in which seizure conditions are mimicked experimenta l ly  by 
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injections of the glutamate analogue kainic acid , show similar GFAP-IR negative 
areas in the threatened CA3 area of the hippocampus 2• 1 8• This indicates a similar kind 
of process. Whether this loss of GFAP-IR reflects a total delayed degeneration of 
astrocytes or just di sintegration of the glial filaments is not yet clear. Recently, an 
interaction between the production of free radicals and enhancement of NMDA 
receptor mediated cytotoxicity has been reported. In these studies microglial 
cytokines, like interferon-g and interleukin-1 b ( 1 1 - 1  b), were shown to trigger 
activation of inducible nitric oxide synthase in astrocytes resulting in the production 
of NO 1 7,22.42 _ In vitro, Enhancement of NMDA neurotoxicity is reported by the 
production of nitric oxide (NO) in combination with superoxide radicals1 7  formed by 
cultured microglia 7,4r,_ So in this way the astrocytes can also play a role in the 
initialisation of the excitotoxic cascade. 

In this study we examined the distribution of glia cells in relation to the 
developing neuronal damage. After acute damage, the immediate di sintegration of 
neurons (ti ssue) leads to rapid activation and infiltration of microglia cells which 
probably phagocytise the affected neurons. Eventually a (astro-) gl ial scar might 
provide structural support to the damaged area by growing into it. Recently, 
induction of the formation of a glial scar by 11-1 , TNF-a and TGF-bl production by 
microglia is reported14,l5 _ In the early damaged areas first astrocytes become 
hypertrophic. This activation might have beneficial effects in providing support to the 
affected neurons in regulating the cellular homeostasis of neurons and by secreting 
neurotrophic agents12•19 . Hardly any microglial response is observed in these areas 
until cell death becomes evident. 

In the delayed damaged areas astrocytes will also be beneficial to the 
traumatised neurons by their regulating functions and to the total affected area by 
their ability to take up cytotoxic substances. As long as the activated microglial cells 
hold step with the dying neurons in number, the GFAP-positive gliotic astroglia can 
persist in these areas. Paradoxically, the astrocytes themselves can be responsible for 
the initiation of the NMDA receptor mediated glutamate excitoxicity. Glutamate 
levels will increase after the buffering capacity of the astrocytes is lost. Also the 
negative feedback on the production of cytokines, ROI and NO and the expression of 
MHC molecules is decreased by the loss of the astrocytes, which can lead to the 
recruitment of more activated microglia and also mononuclear cells from the blood. 
So the result of an unrestrained activation and infiltration of microglia can cause the 
start of an excitotoxic cascade leading to massive cell destruction. In this regard it 
would be desirable to break trough the vicious circle by slowing down the activation 
response. Former studies have shown the positive effects of using immuno
supressants, like cloroquine and colchicine1 4 • 
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The present study does not elucidate the mechanisms underlying possible 
interactions between astrocytes, microglia and neurons. However we have shown 
that the excessive amount of activated microglia coincided with a disbalance in the 
GFAP population probably resulting in deterioration of the neurological outcome 
after an ischemic event. But microglial proliferation is not a necessity for the 
induction of damage in neurons and the disappearance of GFAP positive astroglia as 
could be seen in the substantia nigra. 
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SUMMARY 

72 

Free radical species arise from the un ivalent reduction of oxygen. The 
cytosolic agent H202, produced from the superoxide radical (•02-) is removed via 
oxidation of glutath ione (GSH) by glutathione peroxidase (GPX). Little i s  known 
about the distribution of GPX in  the brain. The aim of this study was to determine the 
di stribution of GPX in the rat forebrain by means of in situ hybridisation techniques. 
In most brain areas GPX mRNA positive cells were detected, but the regional 
intracellular staining intensity differed markedly. The strongest signal could be 
detected i n  the arachnoid plexus of the third and lateral ventricle. In all animals 
studied the pyramidal cell layer of the hippocampus, the granular layer of the dentate 
gyrus, the medial habenular nucleus, the ependymal cells lin i ng the ventricles, the 
pir i form cortices and the basolateral nucleus of the amygdala were most intensively 
stained. The staining intensity for GPX-mRNA was low in the globus pallidus, the 
substantia i nnominata, the substantia nigra pars reticulata and the ventral pallidum. 
The results show a specif ic localisation of glutathione peroxidase mRNA i n  distinct 
brain regions, suggesting a vari able free radical scavenging potency of different areas. 



Localisation of glutathione peroxidase mRNA 

INTRODUCTION 

The formation of oxygen derived free radicals in the brain has been 
suggested to be one of the major contributors in the pathogenesis of neuronal death 
in several neurodegenerative disorders like Parkinson's disease2 1

•
37 and stroke 1 1

•
1 7

•
36

•
42

• 

The reactive oxygen species are generated during the biological reduction of oxygen 
and are toxic to cells. Under homeostatic conditions radicals are produced in the 
mitochondrial respiratory chain as part of the oxidative phosphorylation process, and 
in lysosomes1

•
40

• The breakdown of dopamine by mono-amine-oxidase (MAO), yields 
hydrogen peroxide (H20/ which is believed to play a prominent role in ischemia 
induced brain injury 1 1

,
4)

. Accordingly, MAO-inhibition has provided protection 
against H202 induced damage26

• 

Cells have evolved antioxidant defence mechanisms involving enzymes and 
vitamins, to protect themselves against such toxic moieties. The scavenger enzymes 
inactivate free radicals by several pathways. Superoxide dismutase (SOD) converts 
the superoxide anion to H202 which is subsequently detoxified by glutathione 
peroxidase (GPX) and/or catalase. Large amounts of H202 are formed after 
hypoxidischemic events44

'
56

• When, H202 reacts with free iron it gives rise to the 
even more toxic hydroxyl radical 1 3

'
1 6

'
1 8

• Elimination of H202 is therefore obligatory 
and suppletion of exogenous catalase or glutathione peroxidase has been shown to 
reduce brain damage in stroke models24

•
50

• 

The distribution of enzymes involved in the production or scavenging of free 
radicals is debated. Some biochemical studies have described the distribution of 
scavenger enzymes in homogenised samples. The localisation the cytosolic Cu/Zn
SOD and the mitochondrial Mn-SOD in the forebrain have been determined20

•
3 1

•
39

• 

Expression of Cu/Zn-SOD mRNA was low in the dentate gyrus and considerable in 
the hippocampal pyramidal cells, and in the cortex, hypothalamus and the 
amygdaloid nuclei. The distribution of the Mn-SOD was more or less identical and a 
weak Mn-SOD labelling was seen in the hippocampal CA 1 area and more 
pronounced in the CA3 area, the striatal cholinergic and somatostatin containing 
neurons20

• However, both SOD isoforms produce the diffusible, and potentially toxic, 
H202 • Catalase levels in the forebrain are relatively low32 and despite its high activity 
and affinity for H202 the role of glutathione related enzymes (GPX and glutathione 
reductase), in removing this potentially toxic intermediate, may be more 
prominent10•33

• 

Recently the distribution of glutathione reductase in the murine brain has 
been clarified immunocytochemically25

• This enzyme which reduces the oxidised 
glutathione analogue (GSSG) to GSH , at the expense of NADPH, was present in the 
pyramidal layer of the hippocampus, the dentate gyrus and the cortex. The caudate 
nucleus displayed a progressive increase in the intracellular staining intensity from 
the rostral to the caudolateral parts, while in the thalamus a gradual decrease in 
staining was seen from the medial to the lateral parts. However, about the 
distribution of GPX which governs the oxidation part of the glutathione redox cycle 
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less is known. Glutathione peroxidase removes H202 at the expense of GSH: 

Hp2 + 2 GSH � GSSG + 2 Hp 

In order to study the relation between free radical defence mechanisms and 
neurodegenerative diseases, it is important to elucidate the localisation of the various 
scavenger enzymes in the brain. The aim of the present investigation is to analyse the 
distribution of glutathione peroxidase-m RNA in the rat forebrain by means of in situ 
hybridisation. 

METHODS 

Six adult mate Wistar rats (250-350 g) kept in  a 1 2: 1 2  h l ight: dark cycle, with ad 
l ibitum access to food and water, were used in this experiment. The rats were anaesthetised 
with sodium pentobarbital (50 mg/kg) and perfused transcardial ly with sal ine fol lowed by 
400-600 ml ice-cold 4% paraformaldehyde in 0 . 1  M borate buffer pH 9. 5 . B rains were 
postfixed for 2 h and cryoprotected overn ight in 20 % Sucrose in 0 . 1  M phosphate buffer pH 
7.4 at 4° C. Five 1 -in-5 series of 25 µm thick coronal sections were collected and for each 
hybridisation one series was used. An adjoining series was stained with Cresyl violet to 
provide better cytoarchitectonic defin ition for analysis. 

In Situ hybridisations were performed accord ing to the method described 
elsewhere23 with only m inor modifications. In brief, G PX cDNA55 was constructed in 
B luescript KS, M 1 3- (Stratagene), the orientation was checked by sequencing, and label led 
anti-sense RNA was obtained by l inearising the plasmid with BamH I  fol lowed by incubation 
with T3 RNA Polymerase and 3'S-UTP. Probes were appl ied overnight to bra in sections 
mounted on poly-L-lysine coated sl ides at 60-6 1 °C in a solution contain ing 1 07 cpm/ml 
labeled probe, 50 % formamide, 10 mM Tris (pH 8.0), 0.3 M NaCl, 0.05 % tRNA, 1 mM 
EDTA , 1 0  Mm d ithiothreitol, 1 x Denhardt's solution and 1 0  % dextran sulfate. This was 
fol lowed by a Rnase-A treatment for 30 min. at 3 7° C and a 30  min .  wash with 1 5  mM 
NaCl/1 .5  mM Sod ium Citrate at 65 °C after which the sl ides were dehydrated and exposed to 
Kodak X-AR autoradiographic film. They were then defatted in  xylene, rinsed in absolute 
ethanol, a i r  dried and coated with l lford GS autoradiograph ic emu lsion, and exposed for 1 4  
days at 4 °C, i n  the dark and with desiccant. 

S l ides were developed for 3 m in .  at 20 ° C in a solution contain ing  1 M 4-
methylaminofenolsulfate, 0 .57 M Na2SO3 , 0.8% (w/v) Hydrochi nonum, 0.45 M Na2CO3 and 
33 mM KBr, after which they were briefly rinsed in d ist i l led water, fixed for 8 m in .  at 20°C 
with 1 .5 M Na2S2O3, washed in runn ing tapwater for a half hour and countersta ined with 
Cresyl violet. Control sections hybridised with labelled sense GPX probe showed no labe l l ing 
above background. Furthermore, the specificity of the in situ hybridisation method used was 
establ ished by use of probes with known localisation i n  the brain (CRH, AVP)36

• 
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The G PX-mRNA signal was distributed throughout the whole forebrain. In 
some areas a strong signal could be detected which overwhelmed the 
autoradiographic signal of the individual cells (for example CA 1 pyramidal cell layer). 



Cortex 

Localisation of glutathione peroxidase mRNA 

In regions with moderate signals, characteristic clusters of silvers grains suggested 
GPX positive cells. 

Some regions did not show labelling above background. F ar out the 
strongest labelling could be detected in the arachnoid plexus of the third and lateral 
ventricle. In the rest of this section attention will be focussed on the exact localisation 
of the silver grains which identify GPX-mRNA in the distinct brain regions: 

The distribution of glutathione peroxidase mRNA in the cortex was not 
homogenous. GPX- mRNA was detected in layers 2, 3, 4, 5 and 6 (fig 1 ). The highest 
intensity of staining was present in layers 2,3 and 5. Layers 4 and 6 showed weak 
signals and the intensity of staining in layer 5 was region dependent. Layer 5 
exhibited low GPX mRNA levels in the frontal, the parietal, the occipital and the 
retrosplenial agranular cortices. Patches of low staining intensity also were found in 
layer 3 of the frontal cortex. Intense GPX-mRNA labelling occurred in layer 2 of the 
piriform and the entorhinal cortices, and in the olfactory tubercle, the claustrum, the 
endopiriforme nucleus and the islands of Calleja. 

Hippocampus 
The hippocampal GPX-mRNA was mostly confined to the neurons of the 

pyramidal cell layers of the CA 1 ,  CA2 and CA3 (fig 1 ,2). The strongest signals were 
found in the CA3. Patches of silver grains were located in the stratum oriens and the 
stratum radiatum of the hippocampus. The signal of the granular cells of the dentate 
gyrus was of the same magnitude as the intensity of the CA3-area. Signal intensity in 
the inner and outer blade of the DG is weak but in the crest GPX-mRNA expression is 
manifest. In the molecular and polymorph layers of the dentate gyrus patches of silver 
grains are seen. The Subiculum showed low levels of GPX-mRNA expression. 

Amygdala 
The individual nuclei of the amygdala were differentially labelled (fig 1 and 

2). The highest intensity of GPX-mRNA expression was found in the basolateral 
nucleus of the amygdala, while the central, the intercalated and the basomedial 
amygdaloid nucleus exhibited low levels of GPX-mRNA. In the lateral amygdaloid 
nucleus an intermediate staining intensity was detected. 

Basal Ganglia 
The caudate nucleus showed a GPX-mRNA expression at all rostro-caudal 

levels but the highest GPX-mRNA expression levels were found in the ventro-lateral 
parts of the caudate putamen (fig 1 ). GPX-mRNA signals were at back-ground levels 
in the globus pallidus and in the ventral pal l idum and the substantia innominata a 
few labelled cells could be seen. Moderate GPX-mRNA expression levels were found 
in the nucleus accumbens. This labelling was most intense in the medial parts of the 
nucleus accumbens. 
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Figure 1. Distribution of cells expressing GPX mRNA. Darkfield photomicrographs 
showing cells positively hybridised by using an antisense probe for GPX mRNA on the left 
and the anatomical nomenclature on the right. Line drawings adapted from 46 
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Septum and diagonal band 
The medial septa! nuclei, the horizontal and the vertical limb of the diagonal 

band exhibited a high GPX-mRNA labelling intensity (fig 1 ) .  Less staining was 
apparent in the vertical, dorsal and intermediate nucleus of the lateral septum, while 
in the paralymbdoid nucleus only a few positive cells were detected. 

Thalamus 
The laterodorsal, lateral posterior, the ventral posterolateral and medial 

thalamic nucleus were all moderately labelled (fig 1 ). While intense GPX-mRNA 
signal were detected in the medial habenular nucleus, the paraventricular, the central 
medial and the reuniens thalamic nucleus, no labelling above background levels 
could be detected in the internal capsula, the superior cerebellar peduncle, reticular 
thalamic nucleus, fasciculus retroflexus and the acoustic radiation. In the caudal parts 
of the thalamus the GPX-mRNA staining in the parafascicular nucleus was strong. 
Ependymal cells lining the third ventricle were GPX-mRNA positive. 

Hypothalamus 
The distribution of glutathione peroxidase mRNA in the hypothalamus was 

not homogenous (fig 1 ). The dorsal premammilary nucleus, the arcuate nucleus and 
the supra-optic nucleus showed the most abundant GPX-mRNA expression in the 
hypothalamus. Moderate signal intensities were found in the zona incerta, the 
paraventricular, the dorsomedial and the lateral hypothalamus. Only a few GPX 
positive cells were identified in the ventromedial hypothalamus. 

Midbrain 
The amount of GPX-mRNA seems to be lower in the midbrain than in more 

rostral parts of the brain (fig 1 ). In the two important dopaminergic areas of the 
midbrain, the substantia nigra pars compacta and the ventral tegmental area, an 
intense staining for GPX-mRNA can be detected. In these areas a large number of 
silver grains (cells) can be found, while in the substantia nigra pars reticulata the 
number of GPX-positive cells was less. The ependymal cells lining he aqueduct 
exhibited a l l  intense GPX-mRNA levels. In the red nucleus and the periaquaductal 
grey a moderate labelling intensity could be seen. Other midbrain regions with 
moderate staining were the dorso-medial geniculate nucleus, the superficial grey 
layers of the colliculus superior and the pretectal nuclei. No labelling was found in 
the ventral medial geniculate nucleus and a only few silver grains were detected in 
the interpeduncular nuclei. 
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Figure 2. Darkfield photomicrographs showing heterogeneous GPX mRNA distribution in 
rat brain in (A) Hippocampus, (B) the thalamus, (C) the cortex, (D) the prepiriform cortex 
and the basolateral amygdala, (E) the choroid plexus of the lateral ventricle and (F) the 
substantia nigra. 

DISCUSSION 
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The in situ hybridisation experiments showed GPX-mRNA expression at all 
levels of the forebrain, but with marked regional fluctuations of labelling intensity. In 
some areas a strong autoradiographic signal could be detected which overwhelmed 
the staining signal of the individual cells (for example CA 1 pyramidal cell layer). 
However, some regions did not show any labelling above background levels. The 
choriod plexus and other circumventricular organs, such as the median eminence 
showed the highest GPX-mRNA labelling intensity. This may be related to the fact 
that these organs are virtually devoid of a blood brain barrier and thus may 
experience more oxidative stress. In all animals studied, the pyramidal cell layer of 
the hippocampus, the granular layer of the dentate gyrus, the medial habenular 
nucleus, the ependymal cells lining the ventricles, the piriform cortices and the 
basolateral nucleus of the amygdala showed a very high GPX mRNA signal. The 
staining intensity was low in the globus pallidus, the substantia innominata, the 
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substantia nigra pars reticulata and in the ventral pallidum. 
The In situ hybridisation technique is not ideal to differentiate neuronal from 

glial labelling. However, the strong labelling intensity in the pyramidal cell layer of 
the hippocampus and in the piriforme cortex suggest a presence of GPX-mRNA in the 
neurons. lmmunolocalisation studies have shown that in the rat the GPX protein was 
predominantly present in neurons and specifically in the nuclei5 1

• Nevertheless, 
glutathione peroxidase was demonstrated in both neurons and glia in the human 
brain48 • The heterogeneous distribution and species dependent cellular localisation 
was also found for the metabolically related glutathione reductase (GSH-Red)25 • 
Some murine species showed a pronounced GSH-Red immunoreactivity in glial cells 
while others exhibited predominantly a neuronal pattern of labelling. So, differential 
expression patterns (in different species) were found for both GSH-Red and GPX 
25,48,5 1 

As was stated before25 the differential expression pattern of GPX-mRNA may 
be related to: i) the local degree of monoamine oxidation or to, ii) the expression of 
other scavenger enzymes. These two aspects will be discussed in more detail. As will 
be shown each hypothesis has its own inconsistencies, so it is conceivable that 
several mechanisms may be involved in the regulation of GPX expression. 

GPX expression and monoamine metabolism. 

The breakdown of dopamine by the monoamine oxidase system yields the 
radical intermediate, H20/4. This H202 is neurotoxic after longer exposure times. 
Glutathione peroxidase is one of the critical enzymes which can detoxify this radical 
intermediate and thus prevent cell damage9•24

• Optimal protection against the 
damaging effects of H202 can be accomplished only when the production and 
removal are tightly linked. Indeed the overlap between areas expressing GPX-mRNA 
and brain regions receiving dopaminergic innervation is striking. 

Dopaminergic innervation is reported to be very intense in the islands of 
Calleja 1 9  and the majority of dopaminergic fibers in the septum terminate in the 
medial and ventral parts of the lateral septa! nucleus28

• The entorhinal cortex also 
receives a considerable dopaminergic input. Furthermore, the lateral habenular 
nucleus is noted to contain a dense pattern of dopaminergic terminals with the major 
proportion being present in the lateromedial part of this nucleus47

• The olfactory 
tubercle is also known to contain a dense dopaminergic innervation in continuum 
with fundus striati connected via the cell bridges. 

Consistent with this pattern of dopaminergic innervation is the GPX-mRNA 
expression in the basolateral nucleus of the amygdala. However, the central nucleus 
of the amygdala which is also intensively innervated by the dopaminergic system 1 2•14 

contained low levels of GPX mRNA. Other regions which were known to be highly 
innervated by the dopaminergic system showed also a modest GPX labelling. These 
are the pyramidal cells in layer 5 of the frontal cortex45

•
52

'
54

, the globus pallidus and 
the substantia nigra pars reticu lata. However, to confirm the strong relation between 
GPX-mRNA distribution and the dopamine system double labelling studies should be 
performed. 
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Co-localisation of GPX with other scavenger enzymes 
Catalase levels are known to be low in the forebrain under homeostatic 

conditionsn. During adaptation to stress, for instance due to ischemia or an excess of 
excitatory neurotransmitters, the expression of catalase may be upregulated29

• After 
two weeks of 1-deprenyl treatment the activity of both catalase and SOD was 
increased. However, the activity of GPX is not influenced by this drug3.(,·29

, suggesting 
that there is no direct coupling between SOD and the GPX activity although SOD 
generates the GPX substrate (H202) .  Others have also suggested that there is no direct 
relation between SOD and GPX expression during aging10. SOD mRNA levels and 
enzyme activity increase linear with age, whereas the GPX enzyme activity and 
mRNA levels did not. This is consistent with the apparent gap in the overlap between 
the distribution of the Cu/Zn-SOD and the GPX mRNA localisation . The expression 
of the cytosolic isoform of SOD was intense in the pyramidal cells of the 
hippocampal CA sectors while its expression was limited in the dentate gyrus3 1 . 
However, the GPX mRNA expression was not only abundant in the hippocampal 
pyramidal layers but also in the granular layer of the dentate gyrus, indicating that at 
least in the dentate gyrus there is no coupling of the cytosolic SOD and GPX 
expression. Furthermore, in situations of metabolic stress a slight increase in the 
expression of catalase may signi ficantly reduce the contribution of GPX to the cellular 
anti-oxidative defence mechanism, since GPX has a much lower affinity for H202 
than catalase. 

The relation between, the two scavengers, glutathione peroxidase and 
glutathione reductase seems obvious, since both enzymes govern the redox-cycle of 
glutathione. Although it is difficult to compare the immunoreactivity of glutathione 
reductase25 with the GPX mRNA distribution one can conclude that the overall 
distribution in the forebrain is more or less comparable. Nevertheless in some areas 
the intensity in GSH-red immunoreactivity seems to be different from the intensity of 
the GPX mRNA labelling. For instance, the GPX mRNA levels in the basolateral 
nucleus of the amygdala were high whi le GSH-red immunoreactivity in this area was 
low. In the CA3 area the degree of GSH-red stain ing is low while high levels of GPX 
mRNA are found there. These differences in intensities might be related to region 
dependent differences in half-I ife of the glutathione related enzymes. 

Functional implications 
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The scavenger enzyme glutathione peroxidase and free radicals in general 
have been linked to several neurodegenerative disorders, like stroke9

•
24

•
49and 

Parkinson's disease (PD).2 1 ·37 During conditions of ischemia and particularly during 
reperfusion an enhanced free radical production may increase cellular oxidative 
damage. One important source of increased radical production after 
hypoxia/ischemia is the dopamine metabolism. After ischemia catecholaminergic 
terminals are stimulated to release increased amounts of catecholamines. The 
expanded catecholamine (e.g. dopamine) availability pending ischemia
reperfusion/·8· 14·1 5 combined with hyperoxia during reperfusion, provide ideal 
conditions for overproduction of H202 in reactions catalysed by the MA010

. 

Inhibition of MAO with pargyline56 or deprenyl26 protected rats from convulsions 
and/or neuronal damage and led to decreased hydrogen peroxide production in the 
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brain after hypoxidischemic episodes56
• H202 ,produced by MAO, was eliminated 

primarily through the glutathione peroxidase system44
, despite the efficient 

breakdown of H202 by catalase. This can lead to exhaustion of the GPX enzyme, 
which implies that up-regulation of GPX or its suppletion may be an attractive 
treatment option for stroke patients. Indeed, experimental hypoxia/ischemia 
increased the expression of the GPX enzyme27 and treatment with the glutathione 
peroxidase mimic ebselen9

'
24 and catalase50 also ameliorated the neuronal damage. 

High amounts of GPX-mRNA were apparent in areas with dopaminergic cell
bodies, such as substantia nigra pars compacta and the ventral tegmental area. A 
massive degeneration of the dopaminergic neurons in the substantia nigra pars 
compacta evokes the well known clin ical symptoms of PD. Reduced levels of 
glutathione have been found in the substantia nigra of PD 37

, but these post-mortem 
studies concern homogenised samples of the substantia nigra pars compacta, which 
might be contaminated with the glutathione poor reticular part. The glutathione 
peroxidase activity in Parkinson's disease was slightly but significantly reduced in the 
substantia n igra22

• However, the surviving dopaminergic neurons were all surrounded 
by glutathione peroxidase immunostained cells. Moreover, the increase of GPX 
containing eel Is correlated with the severity of the dopaminergic eel I loss in the 
respective cell groups7

• Therefore, the presence of glutathione peroxidase protein
containing cells most likely is critical for an effective defence against oxidative stress 
in dopaminergic  cell groups7

• An alternative explanation may be that due to 
mitochondrial respiratory chain defects larger amounts of free radicals are formed, 
which overwhelm the scavenging system in the substantia nigra4 1

•5J . 

The most striking feature arising from these experiments is the 
heterogeneous distribution of GPX mRNA. Whatever the underlying mechanisms 
responsible for this heterogenic expression may be, it is apparent that different brain 
regions have variable potentials to deal with oxidative stress. 
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INTRODUCTION 

The biological reduction of oxygen generates reactive oxygen species that are 
toxic to cells. To protect themselves against such toxic moieties, cells have evolved 
antioxidant defence mechanisms involving enzymes and vitamins. The enzymatic 
protection proceeds in two steps: 1) the conversion of superoxide anions (•02 ) to 
hydrogen peroxide to water by glutathione peroxidase (GPX) and/or catalase (Cat). If, 
however, the activity or amount of SOD is increased without concomitant increase of 
GPX and/or Cat, then hydrogen peroxide accumulates and reacts with transition metals 
in the Fenton's reaction to produce hydroxyl radicals (•OH). These hydroxyl radicals 
are among the most noxious radical species known and react with macromolecules, in 
particular with the polyunsaturated fatty acids of membrane l ipids. This process, 
known as lipid peroxidation, initiates in the lipid bilayers cascades of free-radical
generating reactions that disrupt the membrane integrity and allow eventually entry of 
calcium ions into the cells. Overflow of the redundant calcium into the mitochondria 
generates a cellular energy crisis that leads to cell death 1 •9• 

Early and late neuronal degenerations observed in circumscribed brain regions 
after focal or global cerebral ischemia may be triggered by free radicals that are 
produced in the reperfused vascular beds0• The hippocampal CA 1 area, the striatum, 
and frontal cortex are highly susceptible to such ischemic damage and we suggest that 
in the vascular beds supplying these regions either more reactive oxygen species are 
produced or that the endothelial cells use a different biochemical machinery. Also it is 
conceivable that the neurons in these forebrain regions respond inadequately to free
radical formation and that the observed increased Cu/Zn-SOD mRNA levels and SOD 
activity7 after focal or global ischemia are not followed by a concomitant increase of 
GPX and Cat mRNA levels or enzyme activity 1 °. Differential regulations of Cu/Zn
SOD and GPX mRNA expression were found in murine brains1 • Moreover, it has been 
demonstrated that the Cat activity in the forebrain is very low". These observations 
suggest that accumulation of hydrogen peroxide and formation of hydroxyl radicals in 
the Fenton's reaction could trigger the induction of early and late neuronal death in 
these forebrain regions. Therefore, up-regulation of GPX mRNA expression after 
forebrain ischemia is probably a determining factor for neuronal survival and may 
distinguish the i schemia sensitive from the insensitive areas5• To test this hypothesis 
we have studied GPX mRNA expression in the forebrain of the rat, 24 h after a 20 
minute hypoxic-ischemic episode induced by simultaneous occlusion of the carotid 
artery and reduction of the oxygen tension to 1 0% 02• 

MA TE RIALS & METHODS 

Animals and Surgery 
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Adult male Wistar rats (250 g body weight) were used in this i nvestigation and 
maintained in  a standard environment with free access to food and water. Experimental 
protocols were approved by the Gron ingen Medical School An imal Experi ment Committee 
(FDC-93669). All surgeries were conducted on sodium pentobarbital anaesthetised an imals. 



Glutathione peroxidase m-RNA upregulation 

pressure monitoring. Than, the rats were intubated, connected to an animal ventilator 
supplying a gas mixture of 70% n itrous oxide and 30% oxygen (normoxia), and placed in a 
supine position on a heating pad. Body temperature was mon itored with a rectal probe and 
maintained at 37°C. After a stabi l i sation period of 1 0  minutes, s imultaneously, we occluded 
the carotid artery and reduced the oxygen content of the gas mixture to 1 0% 02 (hypoxia
ischemia). Normoxia was reinstated after 20 minutes and thereafter the artery clamp were 
weaned from the ventilator and returned to their cage. Twenty-four hours after the hypoxic
ischemic episode the rats were deeply anaesthetised and transcardial ly perfused after a short 
sal ine pre-rinse with 300 ml 4% paraformaldehyde solution dissolved in 0. 1 M borate buffer 
(pH 9.5). The brains were removed, postfixed for 2 h in the same fixative solution, and 
cryoprotected in 30% sucrose solution in 0. 1 M potassium phosphatebuffer (KPBS; pH 9.5). 

In Situ Hybridization and Autoradiography 
Serial twenty micrometer cryostat sections were mounted on gelatin/ poly-I-lysine 

coated sl ides and hybrid ised4 overn ight at 60°( and dehydration in graded sol utions of 
ethanol the sl ides were exposed for 7 days to Kodak-X-AR autorad iographic fi lm.  Optical 
densities of the hybridisation signal in the X-AR fi lm were measured bi latera l ly in selected 
brain regions, using an automated image analyse system (IBAS). Ratios of the non-clamped, 
control left side and affected right side OD's were calcu lated. Significance was tested with the 
one-tai led paired Student's I-test (p < 0.05). 

RESULTS 

With the model employed a reproducible unilateral brain damage is induced 
with a blood pressure decrease, during the 20 minute hypoxic-ischemic episode, of 
more than 60% from the basal level .  Animals not showing such blood pressure 
reductions were excluded from this study. Silver staining of degenerating neurons 
showed that the frontal cortex, the striatum, the dorsal hippocampus, the thalamus, 
the substantia nigra, and the piriform and entorhinal cortex are affected by this 
intervention. 

Glutathione peroxidase mRNA expression on two levels of the forebrain is 
shown in Figure 1. The hypoxic-ischemic hemisphere is on the right and the (control) 
hypoxic hemisphere on the left side of the sections. On the hypoxic-ischemic side 
the in situ hybridisation signal is intense in the striatum, particularly the ventrolateral 
part, and in the dorsal and lateral frontal cortex at the rostral levels (Fig. 1 (A)), and in 
the CA 1 area of the hippocampus, the lateral parts of the cortex and in the caudate
putamen, caudally (Fig. 1 (B)). Increased GPX mRNA ISH signal intensities are not 
found in the pyramidal cell layer, lamina IV, of the frontal cortex, the lateral 
thalamus, and in the piriform cortex. The basolateral nucleus of the amygdala, the 
hippocampal regions CA2 and CA3, the dentate gyrus, and the primary olfactory 
cortex have a high GPX m RNA expression, bi latera l ly. 

I n  Figure 2, hypoxic-ischemidcontrol side optical density ratios are shown 
for the hippocampal CA 1, CA3, and CA4 areas, dentate gyrus, frontal cortex, and the 
striatum. Significantly increased ODs are found in the hippocampal CA 1 area 
( 1 28%), the striatum ( 140%), and in the frontal cortex ( 13 1  %), whereas no difference 
is observed in the CA3, CA4, and dentate gyrus. 
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Figure 1: Photomicrographs showing at 2 forebrain levels GPX mRNA in situ 
hybridisation autoradiographs. The right hemisphere underwent the transient hypoxic
ischemic episode. Increased GPX mRNA expression can be seen in the striatum, the 
frontal cortex and CA 1 area of the dorsal hippocampus. Note the high GPX mRNA 
expression in the choriod plexus (B). 

DISCUSSION 
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In this study we have shown differential effects on GPX mRNA up-regulation in the 
forebrain of the rat after a transient hypoxic-ischemic episode. Increased GPX mRNA 
levels are found in the hippocampal CA 1 area, the frontal cortex and the striatum, 
regions known for reperfusion injury vulnerability. GPX mRNA levels are unaffected 
in other damaged areas l ike the thalamus, entorhinal and piriform cortex, and the 
hippocampal CA2, CA3, CA4, and dentate gyrus. These observations show that 
regulation of GPX gene expression is used in free-radical defence after hypoxic
ischemic episodes, but not by all the regions affected. Moreover, the areas with 
significantly increased GPX mRNA levels are not protected from delayed neuronal 
death, which suggests that probably huge amounts of free radicals are generated 
during the reperfusion8 that can exhaust this defence mechanism. Regions showing 
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Figure 2. Diagram illustrating GPx mRNA levels after transient hypoxia-ischemia, 
expressed as optical density ratio in percentage, in the CA 1, CA3, and CA4 hippocampal 
regions, dentate gyrus, striatum, and frontal cortex. Up-regulation of GPx mRNA 
expression after transient hypoxia-ischemia is found in the hippocampal CA 1 area, the 
striatum, and the frontal cortex. (*p<0. 05; n=9.) 

radical attacks, and here other mechanisms such as release of the excitatory amino 
acid glutamate9•2 have probably triggered the neuronal damage. 
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SUMMARY 
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Free radical species arise from the univalent reduction of oxygen. The cytosolic 
agent H202, produced during enzymatic scavenging of the superoxide radical ('02-) is 
in turn removed predominantly via the oxidation of reduced glutathione (GSH) to the 
oxidised form (GSSG) by glutathione peroxidase. Subsequently GSSG is recycled back 
to GSH by glutathione reductase (GSH-red). Little is known about the distribution of 
this enzyme in the brain. The aim of this study was to determine the distribution of this 
enzyme in the brain of different murine species by means of immunocytochemical 
techniques, although most attention was given to the distribution of GSH-red in the 
forebrain. In most brain areas GSH-red positive neurons were detected, but the regional 
intracellular staining intensity differed markedly. The pre piriform and piriform cortices, 
the pyramidal cell layers of the hippocampus and the dentate gyrus were heavily 
stained. The caudate nucleus displayed a progressive increase in the intracellular 
staining intensity from the rostral to the caudolateral parts. Furthermore, in the 
thalamus, there was a gradual decrease in GSH-red staining from the medial to the 
lateral parts. The mesencephalon was poor in immunopositive cells, and in the 
substantia nigra pars reticulata, almost no labelling was detected. However, the 
substantia nigra pars compacta showed an intense GSH-red immunoreactivity. The 
results show a specific localisation of glutathione reductase in distinct brain regions, 
suggesting a variable potency of different brain areas in dealing with the damaging 
oxidative actions of free radicals. Also, differential GSH-red expression patterns were 
found in the various murine species. Some species showed a pronounced GSH-red 
immunoreactivity in glial cells, specifically in regions that lacked neuronal GSH-red 
immunoreactivity. 



lmmunolocalisation of Glutathione reductase 

I NTRODUCTION 

The univalent reduction of oxygen leads to the production of the highly 
reactive superoxide-anion (·02-). Via spontaneous or enzymatic mechanisms other free 
radical species, like hydrogen peroxide (Hp2) and hydroxyl radicals ( OH), are formed 
from th is instable oxygen product. These radicals are constantly produced under 
homeostatic  conditions during the oxidative phosphorylation in the inner mitochondrial 
membrane and in lysosomes1

•
3 7•40

, Furthermore, breakdown of monoamines, catalysed 
by mono-amine-oxidase type A and B, yields Hp2 • Under pathological conditions, 
these highly reactive compounds are believed to play an important role in ischemia 
induced brain damage and several neurodegenerative disorders9•

1 0
•41

• 

Free radicals are "scavenged" by specific enzymes like superoxide dismutase 
(SOD), glutathione-peroxidase (GPX) and catalase. SOD converts the superoxide an ion 
to hydrogen peroxide which is subsequently converted to H20 by GPX or catalase. The 
removal of H2O2 in the forebrain, occurs mainly through the oxidation of reduced 
glutathione (GSH) to the oxidised glutathione disulfide (GSSG), a reaction catalysed by 
GPX2

• To maintain an adequate level of reduced glutath ione in the cell, the oxidised 
disulfide is recycled back to GSH; a reaction catalysed by glutathione-reductase (GSH
red), at the expense of NADPH: 

NADPH + GSSG + W � NADP+ + 2GSH 

The localisation of enzymes involved in the production or scavenging of free 
radicals is only poorly determined. A few biochemical studies, describing the 
expression and distribution of glutathione, GSH-red and GPX in homogenised brain 
tissue have been published2•8•

38
• Furthermore, with molecular biological techniques, it 

was demonstrated that the pyramidal cell layers (or areas) of the h ippocampus, the 
cortex, the hypothalamus and the amygdaloid nuclei contain considerable amounts of 
Cu/Zn-SOD mRNA in the gerbil brain. The dentate granule cells, on the other hand, 
have a very low Cu/Zn-SOD mRNA expression29

• Distribution of another isoform of 
SOD in the rat forebrain, the MnSOD which is located exclusively in mitochondria, 
was elucidated in an immunohistochemical study. lmmunostaining with antibodies to 
MnSOD was weak within the CAl -area of the h ippocampus and more pronounced in 
the CA3-area, and the striatal cholinergic and somatostatin containing neurons 18

• The 
level of catalase, the most effective enzyme for the removal of H2O2, due to its h igh 
activity and affinity for H2O2, has been shown to be low in the rat forebrain under 
homeostatic conditions32• Nevertheless, this relative lack of catalase may be 
compensated by glutathione which is known to play an important role in the 
prevention of oxidative damage. It has been reported that depolarisation-induced 
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release of glutathione in different brain regions is most prominent in the cortex, the 
hippocampus and the mesencephalon. In the cerebellum and the medulla oblongata, 
the depolarisation-induced release of glutathione is much lower56 • 

The importance of free radical scavenger enzymes in preventing oxidative 
injury is apparent from studies in transgenic mice over-expressing Cu/Zn-SOD. These 
transgenic animals are protected against the oxidative actions of N-Methyl-4-Phenyl-
1 ,2,3,6-Tetrahydropyridine and ischemia20•36• Furthermore, there is evidence that 
reduced cellular levels of glutathione and increased vulnerability to oxidative stress 
may be a cause of neurodegenerative diseases such as Parkinson's disease 1 9•38• 

To study the free radical defence mechanisms in neurodegenerative diseases it 
is important to elucidate the local isation and co-localisation of the various scavenger 
enzymes in the brain. The aim of the present investigation is to analyse the distribution 
of glutathione reductase in the murine brain by means of immunocytochemical 
techniques. To elucidate further the cellular localisation of GSH-red the pattern of GSH
red staining was compared with glial fibrillary acidic protein (GFAP) staining, a marker 
for astrocytes. 

MATERIALS AND METHODS 

Animals: 
Adult male Wistar rats (250-350 gram), three month o ld mice of the C57bl strain and 

the Groningen Short- (SAL) and Long-attack latency (LAL) strains, housed in standard laboratory 
conditions with ad l ibitum access to food and water, were used. The animals were 
anaesthetised with an intraperitoneal injection of sodium-pentobarbital (45 mg/kg) and 
transcardially perfused with saline followed by ice cold 4% paraformaldehyde dissolved in 0. 1 
M borate buffer (pH = 9.5). The brains were removed and postfixed for two hours in the same 
fixative solution. Cryoprotection was done overnight in 25% sucrose dissolved in 0.1 M 
potassium buffered sal ine (KPBS, Ph = 7.4) at 4°C23• Serial 30 µm coronal sections were cut on 
a cryostate microtome and stored in 0.02 M KPBS. Every 5th section was stained for GSH-red, 
whereas some additional sections containing the hippocampus were stained for GFAP. 

lmmunocytochemical procedure: 

94 

The sections were rinsed in KPBS and then incubated for 1 0  minutes in a 0.3% H202 
solution in order to neutralise the endogenous peroxidase activity in the tissue. To reduce the 
background staining, the sections were impregnated in a 1 % sodiumborohydride solution for 6 
minutes. After 4 rinses in KPBS, the sections were incubated in a KPBS solution contain ing anti
human GSH-red (1 :2000), 2 % normal goat serum and 0.3 % triton X-100 for 48 hours. Then, the 
sections were incubated in biotlnylated goat anti-rabbit lgG and avidin-biotin-peroxidase 
(Vector Labs, Burlingame USA), for 45 minutes each. The intermittent washing was done with 
KPBS. To optimise the labelling the second and third steps of the ABC-procedure were 
repeated. Thereafter, the sections were rinsed In 0. 1 M sodium acetate (pH = 6.0). The presence 
of peroxidase was revealed with diamino-benzidine (DAB). The DAB solution contained 5 mg 
DAB per 5 ml dHP and 5 ml sodium-ammonium-sulfate (Fischer Scientific # N48-S00). To run 
the staining reaction 20 mg of B-D( + )-Glucose (Sigma # G-5250), 4 mg of Ammonium-Chloride 
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Figure 1: Reactivity of murine 
glutathione reductase with anti
(human GSH-red) serum. The first 
lane shows proteins in an extract of 
murine Ehrlich ascites tumor cells. 
These proteins were separated by 
SOS PAGE and stained with 
Coomassie brilliant blue. Lanes m 
(Coomassie blue staining) and M 
(peroxidase-catalyzed staining after 
Western blotting) represent murine 
glutathione reductase. The enzyme 
was isolated from the crude extract 
by immunoaffinity chromatography 
using anti-(human GSH-red) coupled 
to a gel matrix. Lane H, an equal 
amount of human glutathione 
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(Sigma #A-45 1 4) and 0. 1 5 mg of 
Glucose Oxidase (Sigma #G-2 1 33) were 
added to 1 0  ml of the above DAB 
solution. The reaction was stopped after 
3 to 5 minutes. 

Other, adjacent sections were 
stained for the astrocyte specific gl ial 
fibri l lary acidic protein (GFAP). They 
were incubated for 72 hours at 4 °C in a 
monoclonal mouse anti-GFAP solution 
( 1  :500; GAS, Boehringer Mannheim) 
consisting of KPBS, 1 % Bovine Serum 
Albumin (BSA,BDH) and 0.5 %  Triton X-
1 00. Then, the sections were incubated 
for 45 minutes in biotinylated sheep 
anti-mouse lgG (Amersham) and 
streptavidin-HRP (Zymed), both were 
di luted 1 :200 in KPBS-Triton solution. 
The intermittened washing was done in 
KPBS. The presence of peroxidase was 
revealed with DAB as described above. 
In figure 5 the schematic representation 
of GSH-red was a transcription of the 
visual impression. 

Antibody specificity: 
Western blotting and 

absorption control experiments were 
used to test the specificity of the 
polyclonal rabbit anti-human 
glutathione reductase antibody for 
murine GSH-red. Western b lot: Proteins 
isolated from Murine Ehrl ich ascites 
tumour cel ls were separated by SOS 
polyacrylamide electrophoresis using 

1 0% gels according to Leamml i  ( 1 970) with minor modifications and then subjected to Western 
blot analysis. For this analysis3•

1 5 500 fold di l uted anti-human glutathione reductase serum was 
used as the first anti-body whi le peroxidase-coupled swine-anti-rabbit lgG (DAKOPATTS, 
Denmark) served as the second anti-body. The procedure of Hempelmann et al 15 was fol lowed 
in deta i l  except that the final colour reaction using 0.02% H 202 and 0 .0 1 8% 4-chloro- 1 -
naphthol was terminated after 20 to 30 minutes and not after 5 minutes. lmmunoaffin ity 
chromato-graphy of murine GSH-red using poly-clonal anti-human GSH-red lgG coupled to 
Protein A-Sepharose CL4B (Pharmacia) -.yas carried out as described for human GSH-red33

• 

Absorption experiments: 
Mouse glutathione reductase with a specific activity of 1 49 U/mg dissolved in a buffer 

containing 47 mM potassium phosphate (pH 6.9), 1 mM EDTA, 2 mM OTT, 200 mM KCI and 
2% ammonium sulfate was added to the anti-GSH-red solution 4h before the start of the 
incubation. Different d i l utions of mouse glutathione reductase were tested and al l  affected the 
signal intensity of the GSH-red immunocytochemical procedure. Pre-incubation of the anti
GSH-red solution with 0. 1 pg purified mouse glutathione reductase completely suppressed the 
GSH-red immunostain ing signal, both in sections of the rat and the mouse brain .  
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Figure 2: Glutathione reductase immunoreactivity in the caudate putamen and the 
g/obus pallidus (A) and the amygdala and the piriform cortex (B) in coronal sections of 
the C57bl mouse brain. (Bar A =  100µm; B = 125µm). 

RESULTS 

Antibody specificity: 
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Murine Ehrlich ascites tumour cells were lysed and subjected to 
immunoadsorption chromatography using a gel to which anti-human GSH-red lgG was 
coupled to Protein A. After careful washing, the only protein to be eluted at pH 2.5 was 
murine glutathione reductase. Its identity and purity were demonstrated by enzyme 
assays33

, SDS gel electrophoresis, and by Western blotting (Fig. 1 ). These results show 
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Figure 3: Glutathione reductase labelling in different parts of the murine brain. A. In the 

parietal cortex of the C57bl mouse; B. In neurons of the caudate putamen and apparent 

astrocytes in the lateral septum of the Long Attack Latency mouse; C. In the 

paraventricular hypothalamic nucleus of the C57bl mouse. Note the GSH-red labelled 

apparent endothelial cells. D. In the substantia nigra of the C57bl mouse. High power 

magnifications of the cellular and dendritic GSH-red labelling in the parietal cortex of the 

C57bl mouse (E), the hippocampus of the LAL mouse (F) and neuronal labelling in the 

cortex (G). Note the intense perinuclear GSH-red labelling in G and in F the weak 

pyramidal CA 1 cell labelling and the apparent stained glia in the molecular layer. (Bar 

B,E,F = SOµm; A,D = 100µm; C = 40J.lm; G = 10J.1m). 

that polyclonal anti-human GSH-red serum reacts both with the native murine enzyme 
on the immunoaffinity column) and with denatured murine glutathione reductase (in 
Western blot analysis). The cross-reactivity was not unexpected since the degree of 
sequence identity between human glutathione reductase and murine GSH-red is greater 
than 80% 48

•
49

• Other proteins of the Ehrlich ascites tumour cell extract do not appear to 
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Figure 4: GSH-red immunoreactivity in the hippocampus of the C57bl mouse (A) and the 
Short Attack Latency mouse (B). In the C57bl mouse hippocampus the immunoreactivity is 
present in the CA 1 pyramidal cells and in some neurons and glial cells of the molecular 
layers. In the SAL hippocampus GSH-red immunoreactive pyramidal cells are scarce. 
Remarkable is the glial cell labelling in the molecular layers of these SAL hippocampi. (Bar 
A = 50µm and B = 100µm). 

react with this serum. In conclusion, both the Western blotting (Fig. 1) and the 
absorption experiments using murine brain tissue sections (not illustrated) showed that 
the polyclonal anti-human GSH-red anti-body recognises the murine glutathione 
reductase. 

Staining characteristics: 
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In most regions of the murine brain GSH-red positive cells were detected, 
although the intracellular staining intensity differed markedly. In a few areas, however, 
almost no positive cells were seen, among those are the globus pallidus (Fig. 2A), the 
reticular part of the substantia nigra (Fig. 3D) and the lateral hypothalamic area. The 
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Figure 5: Schematic representations of coronal sections of the rat brain, showing the 
distribution of g/utathione reductase immunoreactivity from rostral (a) to caudal (r) levels 
on the right and the anatomical nomenclature on the left. The density of shading 
corresponds with the intensity of the immunostaining. Line drawings adapted from Paxinos 
and Watson35

• (nomenclature according to Zilles58
; Paxinos and Watson35

; Swanson43
• 

regional GSH-red immunostaining patterns in the C57bl mouse and the Wistar rat were 
compatible which is another indication that the GSH-red antibody recognises this 
protein in the rat too. 

Both in the rat and mouse brain the GSH-red stain ing showed a strong peri
nuclear labelling (Fig. 3G) and weak or moderate immunoreactivity of the cytoplasm 
and the fibers (Fig. 3A,E,F and F ig. 4A). The peri-nuclear labelling in  the rat brain was 
most evident i n  the large neurons of the red nucleus and the mesencephalic trigeminal 
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nucleus. GSH-red labelled fibers were present for example in some cortical areas (Fig. 
3A), the globus pallidus, the hippocampus and in the reticular part of the substantia 
nigra. In general, the level of the GSH-red immunoreactivity in the hindbrain was low, 
both in the rat and the mouse. An important observation was that in the rat and the 
C57bl mouse brain the GSH-red immunoreactivity was located in neurons whereas in 
the brain of the SAL and the LAL mouse, regionally a strong GSH-red immunoreactivity 
occurred in the astrocytes. Areas with astrocytic GSH-red immunoreactivity, such as the 
lateral septum (Fig. 3B), showed a very weak neuronal labelling. 
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Cortex (Fig. Sa-q): 
The distribution of the GSH-red immunoreactivity in the cortex was not 

homogenous, particularly in the brain of LAL and SAL mice conspicuous staining 
intensity differences were found. In the cortex GSH-red stained cells were detected in 
layers 2,3,4 and 6. Layer 5 was regionally stained. Low GSH-red signal intensities in 
layer 5 were found in the frontal, the cingulate, the parietal, the retrosplenial, the 
occipital, the temporal and the agranular insular cortex. Layer 6a showed a low signal 
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obtained from the LAL and SAL strains. Few GSH-red immunopositive cells were seen 
in layer 3 of the olfactory tubercle and the prepiriform cortex (Fig. 6A). Patches of low 
intensity GSH-red staining were present in layer 3 of the parietal, the frontal and the 
agranular insular cortex. Layer 3 of the entorhinal cortex (Fig. 6F) showed a weak GSH
red immunoreactivity. In brain sections obtained from rats and C57bl mice, the GSH
red immunoreactivity was located in the neurons of layer 3 of the prepi riform and the 
entorhinal cortex. Sections from the LAL and the SAL mice showed mainly GSH-red 
labelled astrocytes in these cortical areas. Intense neuronal immunoreactivity occurred 
in layer 2 of the pre-piriform and pi riform cortices, the entorhinal cortex and the 
olfactory tubercle of the rat and all the examined mice strains (Fig. 2B  and Fig. 6A,F). 
Also, the i slands of Calleja, the taenia tecta, the endopiri form nucleus and the 
claustrum were heavily stained. The posterior parts of the occipital, the temporal, the 
perirhinal and the entorhinal cortices showed a homogeneous, moderate to strong 
GSH-red immunoreactivity. 

Hippocampus (Fig. 5g-n): 

The GSH-red staining in the hippocampus of the rat and the C57bl mice was mostly 
confined to the neurons of the pyramidal cell layers of the CA 1 and the CA3 (Fig. 
6C,D). In the SAL and the LAL mice, labelling of pyramidal cell was found in the CA 1 
and the CA3 of the dorsal hippocampus (Fig. 4A). Large parts of the CA 1 and the CA3 
of the ventral hippocampus contained a weak pyramidal cell labelling and additional 
abundant GSH-red immunostaining of astrocytes in the stratum oriens and radiatum 
(Fig. 4B). Labelled dendrites of the GSH-red positive pyramidal cells were present in 
these latter parts of the hippocampus in all murine brains. Occasionally, labelling of 
apparent vascular endothelial cells was seen in the hippocampus (Fig. 3F and 4A). In all 
murine brains, only a small proportion of the fasciola cinerea and the 

pyramidal cells of the most medial part of the CA 1 of the dorsal hippocampus, 
and the CA2 was labelled (Fig. 6C,D). The granular cell layers of the dentate gyrus, of 
the lateral and medial blade and the crest, showed a very strong GSH-red 
immunoreactivity (Fig. 6D and 7A). Labell ed isolated cells were present in the 
molecular and polymorph layers of the dentate gyrus. The presubiculum, the 
parasubiculum and the subiculum showed a weak GSH-red immunoreactivity. 

Amygdala (Fig. 5f-j): 
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The amygdala displayed differential GSH-red labelling of its individual nuclei, 
both in the rat (Fig. 6E) and the mouse strains (Fig. 2B). The basolateral and the cP.ntral 
nucleus of the amygdala were moderately labelled, whereas neurons of the 
basomedial, the intercalated and the ventral basolateral nucleus were heavily stained. 
The medial, the posterior and the anterior and posterolateral cortical nucleus of the 
amygdala also showed an intense GSH-red immunoreactivity. The anterior amygdaloid 
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nucleus was very poorly labelled. 

Basal ganglia (Fig. Sa-j): 

The caudate nucleus showed a gradual increase of the GSH-red staining intensity from 
the rostral to the caudolateral parts. At the various rostro-caudal levels, most neurons 
were labelled in the lateral parts of the caudate putamen (Fig. 2A and 6B). GSH-red 
labelling of astrocytes was not seen in the caudate nucleus, neither in the rat nor in the 
various mouse strains. Lack of neuronal labelling was found in the globus pallidus (Fig. 
2A). Here, a very strong GSH-red immunoreactivity was present in the nerve fibers, 
both in sections that were obtained from rat and mouse. The substantia innominata and 
the ventral pallidum exhibited a very weak GSH-red expression. Moderate to strong 
GSH-red immunoreactivity was found in the nucleus accumbens. This labelling was 
most intense in the dorsomedial and the medial parts. These regions of the nucleus 
accumbens belonged to the forebrain areas that showed the strongest GSH-red 
immunoreactivity. 

Septum and Diagonal band nuclei (Fig. Sb-e): 

The lateral and medial septal nuclei contained GSH-red positive cells in 
sections of the r-at and the C57bl mouse. But, in sections of the LAL and SAL strains we 
found the GSH-red immunoreactivity in astrocytes and a very weak or lacking neuronal 
labelling (Fig. 3B). The neuronal GSH-red expression in the lateral septum was most 
dense in the rostral parts, in the regions that adjoin the lateral ventricle. The intermedial 
and the medial septal nuclei, the subfornical organ and the vertical limb of the diagonal 
band, showed modestly labelled cells. The horizontal limb of the diagonal band on the 
other hand contained very few GSH-red immunoreactive neurons. 

Thalamus (Fig. Sf-k): 

The thalamus showed a gradual decrease in the GSH-red staining intensity 
from the medial to the lateral parts. The lateral parts of the thalamus including the 
anteroventral, the ventrolateral and the ventroposterolateral nuclei were weakly 
labelled. In the reticular thalamic nucleus no GSH-red staining was observed whereas 
the medial parts of the thalamus were abundantly labelled. The paraventricular, the 
central medial and the intermediodorsal thalamic nuclei displayed a considerable 
staining intensity. GSH-red labelled cells in the reuniens thalamic nucleus and the 
rhomboid nucleus were more abundant in the caudal then in the rostral parts. The 
anterodorsal thalamic nucleus and the medial habenular nucleus showed the most 
intense GSH-red labelling of the medial nuclei group. More caudally in the thalamus 
few GSH-red positive cells were detected, only the medial and the dorsolateral 
geniculate nucleus showed intracellular labelling worth mentioning. 
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Figure 6: Photomicrographs showing heterogeneous immunolabeling for GSH-red in the 
Wistar rat brain in (AJ the prepiriform cortex, (BJ the caudate putamen, (C and DJ the rostral 
portions of the dorsal hippocampus, (EJ the amygdaloid complex, and (FJ the entorhinal 
cortex. (Bar: A, C = 300µm; D,E = 250µm; F = 200µm and B = 500µmJ. 

Hypothalamus (Fig. Sf-j): 
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In the rat, most of the GSH-red immunoreactivity in the hypothalamus was 
found in the anterior, the medial and the ventral parts. The different mouse strains 
showed a more intense overall hypothalamic labelling and also more GSH-red positive 
cells in the lateral parts of the hypothalamus. Most abundant was the GSH-red labelling 
in  the suprachiasmatic nucleus, the parvocellular paraventricular nucleus (Fig. 3C) and 
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the zona incerta. Moderate signal intensities were found in the bed nucleus of the stria 
terminalis, the anterior, the periventricular, the arcuate, the dorsomedial and the 
posterior hypothalamic nucleus. The ventromedial hypothalamic nucleus and large 
parts of the lateral hypothalamic nucleus displayed a remarkably weak GSH-red 
immunoreactivity. However, the signal intensity in the ventral and the posterior parts of 
the lateral hypothalamic nucleus was a little stronger, both in the rat and the mouse. A 
few cells in the magnocellular paraventricular and the supraoptic nuclei displayed 
GSH-red immunoreactivity of moderate intensity. In the ventral hypothalamus of the 
LAL and the SAL strains we found weak staining of tanycytes. Ependymal cells lining 
the third ventricle were GSH-red positive both in the rat and the different mouse strains. 
In the paraventricular nucleus of the C57bl mouse we found GSH-red positive cells 
which are probably vascular endothelial cells (Fig. 3C). 

Midbrain (Fig. Sk-n): 
The overall GSH-red labelling intensity in the midbrain was much lower then 

in the frontal brain regions. Exceptional, however, were the dopaminergic areas, the 
substantia nigra pars compacta and the adjacent ventral tegmental area. These apparent 
dopaminergic cells showed an intense GSH-red immunoreactivity. The mostly GABA
ergic substantia nigra pars reticulata contained very few GSH-red expressing eel Is (Fig. 
3D). In the medial part of the pars reticulata some labelled cells were found but more 
laterally almost no positive cells were seen. The GSH-red signal within the substantia 
nigra pars reticulata, however, was very strong and -consisted of stained fibers. These 
GSH-red positive fibers are maybe the dendrites from the dopaminergic neurons of the 
substantia nigra pars compacta.GSH-red immunoreactive cells in the red nucleus were 
characterised by a peri-nuclear labelling of moderate strength and a faintly stained 
cytoplasm. A similar labelling pattern was found in the oculomotor nucleus but there 
the signal strength was somewhat higher. The superficial grey layer and the optic nerve 
layer of the superior colliculus contained intensively labelled cells. Most GSH-red 
positive cells were found in the medial part of these superficial layers of the superior 
colliculus. The dorsomedial geniculate nucleus, the different pretectal nuclei, the 
interpeduncular nucleus, the central grey and the mesencephalic reticular formation all 
contained GSH-red labelled cells. The signal intensity was low in these parts of the 
midbrain. 
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Figure 7: Photomicrographs showing the difference in (A) GSH-red and (B) GFAP 
immunolabeling in adjacent sections of the CA 1 and dentate gyrus of the Wistar rat. (Bar = 
125µm). 

Pons and medulla oblongata (fig. Sn-r): 
In the hindbrain the GSH-red signal intensity decreased further, causing only a 

faint staining in most areas of the brainstem. The inferior colliculus, the dorsal raphe 
nucleus, the pontine gray and the tegmental nuclei d isplayed the most pronounced 
immunoreactivity. Other areas exhibiting some peri-nuclear GSH-red immunoreactivity 
were the mesencephalic trigeminal nucleus, the motor trigeminal nucleus, the facial 
nucleus and the hypoglossus nucleus. The parabrachial area, the cuneiform nucleus, 
the superior olive, the spinal trigeminal nucleus, the nucleus ambiguus, the dorsal 
motor vagus nucleus and the nucleus of the solitary tract contained immunoreactivity 
that was slightly higher then the signal strength in the other parts of the medulla 
oblongata. Noteworthy were the moderately intense labelling of the cerebellar Purkinje 
cells and the weak labelling in the cerebellar granule cells layer. 

Hippocampal GfAP labelling (fig. 78): 
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To assure that the GSH-red immunoreactivity in the rat and the C57bl mouse 
brain was confined to the neurons, we have stained some sections of the hippocampus 
of these animals with the astrocyte marker GFAP. Contrary to the GSH-red staining, 
which was present in the pyramidal layers of the hippocampus, the astrocyte specific 
GFAP labelling was found in all layers of the hippocampus26

• Most astrocytes were 
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present, however, in the stratum lacunosum moleculare and the polymorph layers of 
the medial and lateral blade of the dentate gyrus. In the pyramidal cell layers only a 
few GFAP positive cells were found. These observations confirmed that the GSH-red 
immunoreactivity in the rat and the C57bl mouse brain is confined primarily to 
neurons. Moreover, they showed that the GSH-red immunoreactivity in the 
hippocampus of the LAL and the SAL strains was present only in a small portion of the 
total astrocyte population of the hippocampus. 

DISCUSSION 

In most brain regions GSH-red immunopositive cells were present, but 
regionally the intracellular labelling intensity differed markedly. This heterogeneous 
aspect in GSH-red staining was apparent not only between different brain regions and 
murine strains but also among different brain nuclei within a strain. In all the animals 
studied the prepiriform and piriform cortices, the pyramidal cell layer of the 
hippocampal CA 1 and CA3, the granular cell layer of the dentate gyrus, the medial 
habenular nucleus and the anterodorsal thalamic nucleus were most intensively 
stained. Almost no immunopositive cells were detected in the globus pallidus, the 
ventral pallidum, the substantia innominata, the reticular part of the substantia nigra 
and the lateral thalamic nuclei. 

The pattern of the GSH-red immunolabeling in the hippocampus of the rat and 
the C57bl mouse brain was different from the astrocyte specific GFAP staining. From 
this it can be concluded that GSH-red is located predominantly within neurons in these 
murine species. In the LAL and the SAL strains, however, moderately intense GSH-red 
immunoreactivity was found in astrocytes. This astrocytic GSH-red labelling was 
observed in regions that lacked the neuronal GSH-red staining. In the hippocampus of 
the LAL and the SAL strains, the GFAP immunoreactivity pattern was not identical to 
the pattern of GSH-red staining which suggests that GSH-red immunoreactivity was 
present only in a small fraction of the total astrocyte population. Regionally, in all 
murine brains studied the GSH-red immunoreactivity was located in apparent 
endothelial cells. 

The neuronal labelling showed mainly a perinuclear localisation of GSH-red. 
The cytoplasm and dendrites were faintly labelled in most brain regions. From this it 
can be deduced that glutathione may participate in the protection of the nuclear DNA 
from oxidative damage. High intracellular glutathione levels indeed are associated with 
resistance to the anti-tumour drug cisplatin30• Moreover in vitro, small amounts of 
glutathione were detected in the nuclei of lung carcinoma cells3 1  and increased cross
linkage of glutathione and DNA was found after treatment of such cell lines with cancer 
chemotherapeutic drugs1

' .  An alternative explanation for peri- and intranuclear 
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localisation of the GSH-red immunoreactivity could be that the highly soluble 
cytoplasmic protein GSH-red, was poorly immobilised during the fixation. This could 
allow the artefactually accumulation of the GSH-red protein in the nuclei. In previous 
investigations, glutathione peroxidase immunoreactivity was also found in nuclei when 
ordinary animal perfusion fixation procedures were employedso_ Acute immobilisation 
of the glutathione peroxidase with rapid freeze substitution techniques, however, gave 
cytosolic, mitochondrial and synaptosomal glutathione peroxidase immunoreactivity45 • 
It is highly unlikely that the poly-clonal rabbit anti-human GSH-red antibody used in 
the present investigation cross-reacted with other proteins. The Western blotting and 
absorption assays and immunocytochemical studies all showed that the GSH-red anti
body specifically recognised the murine GSH-red. Moreover, molecular biological 
studies showed 82% positional identities between the human and mouse GSH-red 
genes48

• 

An important finding of the present investigation is the heterogeneous 
distribution of GSH-red immunoreactivity in the brain. This differential expression 
pattern may be related to: i) the local degree of monoamine oxidation; ii) the metabolic 
activity; or iii) the expression of other scavenger enzymes like SOD and catalase. 

i) CSH-red expression and monoamine metabolism: 
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The overlap between areas showing GSH-red expression and brain regions 
receiving a dopaminergic innervation was striking. Therefore, the regional level of 
GSH-red expression may be determined by the distribution and density of 
dopaminergic presynaptic endings. 
The olfactory tubercle is known to contain a dense dopaminergic innervation in 
continuum with the fundus striati connected via the cell bridges. Dopaminergic input is 
also reported to be very intense in the islands of Calleja 1 7• In the septum, the majority 
of dopaminergic fibers terminate in the medial and ventral parts of the lateral septa! 
nucleus27• The entorhinal cortex also receives a considerable dopaminergic innervation. 
Furthermore, the lateral habenular nucleus is known to contain a dense pattern of 
dopaminergic terminals with the major proportion being present in the lateromedial 
part of this nucleus44

• This dopaminergic innervation pattern parallels almost 
completely the GSH-red immunostaining, which was found to be very intense in these 
regions. 

The caudate nucleus, a part of the mesostriatal dopaminergic system, 
contained a modest GSH-red staining which increased from the rostromedial to the 
caudolateral parts. This distribution could be related to the topographical arrangements 
of dopaminergic neurons in the substantia nigra and their afferents to the caudate 
nucleus. As laterally lying dopaminergic neurons innervate the caudolateral caudate 
nucleus and more medially lying neurons project to medial parts of this nucleus 1 1• 
Furthermore, neurons of the mesencephalic trigeminal nucleus were GSH-red positive 
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and dopaminergic afferents to this part of the brain have indeed been described7
• 

Inconsistent with this relation between GSH-red expression and dopaminergic 
innervation seem to be the absence of a neuronal GSH-red staining in the globus 
pallidus and only a faint cellular labelling in the basolateral and the central nuclei of 
the amygdaloid complex, as the latter nuclei are known to be very intensely innervated 
by the dopaminergic system 1 2'34

• Moreover, the pyramidal cel ls in layer 5 of the frontal 
cortex also showed modest immunostaining for GSH-red although they too receive a 
considerable dopaminergic input42·53·"4. In the globus pallidus and the substantia nigra 
pars reticulata a very intense, apparently GSH-red background signal was revealed. 
Analysis of this immunoreactivity at high magnifications in sections of particularly the 
C57bl mouse brain showed that in fact the background GSH-red labelling was GSH-red 
immunoreactivity in nerve fibers; possibly in the terminal parts of the dopaminergic 
innervation of the globus pallidus and in dendrites of the dopaminergic cells of the 
compact part of the substantia nigra extending into the pars reticulata. However, to 
confirm this hypothesis about the strong relation between GSH-red and the dopamine 
system double labelling studies should be performed 

ii) The metabolic state of brain regions and GSH-red expression: 
The main pathway of energy production in the brain is cytochrome oxidase 

(COX), known as the complex IV of the respiratory chain. The tight coupling between 
neuronal activity and oxidative energy metabolism forms the basis for the use of 
cytochrome oxidase as an endogenous metabolic marker for neurons. Under normal 
physiological conditions COX shows a heterogeneous distribution in the brain. 
Throughout the central nervous system, grey matter consistently manifests greater 
activity than white matter. At the regional level the hippocampus, the basal ganglia and 
the thalamus are rich in cytochrome oxidase55

. For example, in the hippocampus the 
outer portion of the dentate molecular layer, the CA3 pyramidal cell layer and the CA 1 
molecular layer express the highest levels of COX amount and activity6·16• The stratum 
radiatum and the stratum oriens of the CA3 have moderate levels of COX amount and 
activity, whereas the stratum lucidum is COX unreactive 16

• In the entorhinal cortex high 
levels of COX activity were found in the layers 2 and 46

• 

Brain regions which have high metabolic states may produce larger quantities 
of free radicals leading to a more pronounced reduction of GSH to GSSG, the substrate 
for GSH-red. In the present experiments heavily stained brain regions are the 
hippocampus and the cortical areas with the exception of the cingulate cortex and the 
cortical layer 5. The dorsolateral and medial geniculate nucleus also showed 
pronounced immunostaining, contrary to the globus pallidus, the substantia nigra pars 
reticulata and the hypothalamic nuclei with the exception of the anterior nucleus. The 
GSH-red and COX labelling in the entorhinal cortex is both found in the layers 2 and 4 
which suggests a relationship between the cellular metabolism and the level of free 
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radical scavenger activity. In the hippocampus, however, the patterns of COX and 
GSH-red expression matched less. Intense GSH-red immunoreactivity was present for 
example in the pyramidal cell layer of the CA 1 .  COX activity and mRNA expression in 
this hippocampal region is low. In the dentate gyrus the pattern of GSH-red expression 
resembled more closely the pattern of COX amount and activity. In general, in some 
parts of the brain GSH-red expression may be related to neuronal activity but the 
neuronal metabolic state is certainly not the main regulator of free radical scavenger 
enzyme expression. 

iii) Co-localisation of GSH-red with other scavenger enzymes: 
Catalase levels are known to be low in the forebrain under homeostatic 

conditions32
• immunolabeling for GSH-red, however, was high in rostral portions of the 

brain, while it was lower posterially, in the thalamic and mesencephalic regions. GPX 
catalyses the same reaction as catalase and it seems likely therefore, that this relative 
lack of catalase is compensated by the glutathione redox cycle. During adaptation to 
stress, however, for instance due to ischemia or an excess of excitatory 
neurotransmitters, the expression of catalase may be upregulated28

• It has, for example, 
been reported that after two weeks of deprenyl (a MAO-B inhibitor) exposure the 
activity of SOD and catalase in the rat brain is increased. The activity of GPX, however, 
is not influenced by this drug4•5·

22
·
28

• This suggests that a direct coupling between SOD
and GPX/GSH-red expression, due to H2O2 production, does not exist. 

This is consistent with experiments where considerable amounts of mRNA for 
Cu/Zn-SOD are described to be present within the pyramidal cell layer of the 
hippocampus, the hypothalamus and the cortex. A low degree of labelling for this 
cytosolic isoform of SOD mRNA is reported within the dentate gyrus29

• Both the CA 1 
pyramidal cell layer and the dentate gyrus were very extensively stained for GSH-red in 
our experiments, different from most of the hypothalamic nuclei , which were only 
modestly immunopositive. A coupling of these two enzymes therefore does not seem 
probable. Furthermore, in situations of metabolic stress a slight increase in the 
expression of catalase may significantly reduce the contribution of GPX/GSH-red to the 
antioxidative defence mechanism in the cell, since GPX has a much lower affinity for 
H2

O2 than catalase. 

Strain differences in GSH-red expression: 
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In the present study we observed different patterns of GSH-red 
immunoreactivity between the Wistar rat and the C57bl mouse, on the one hand, and 
the inbred LAL and SAL house mouse strains on the other hand. This differential 
expression pattern is not a methodological artefact because for all groups the same 
perfusion fixation and immunocytochemical procedures were used. Moreover, they 
were all performed by the same technician. Activities of the scavenger enzymes in red 
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blood cells of different animal species exhibit striking differences1
3•

14. The present data 
show that not only the activity of the scavenger enzymes but also the intracellular 
concentration and distribution of the enzymes can vary between species. The LAL and 
SAL strains have a more pronounced GSH-red expression in the glia cell population 
that is accompanied by a strongly suppressed neuronal GSH-red expression. Overall, 
the neuronal GSH-red expression was reduced in these inbred wild house mouse 
strains5 1 • These strains were especially selected for differences in aggressive behaviour, 
especially attack latency and exhibited among others differences in hormonal levels52

• 

In these animals, catalase may be the more important H2O2 scavenger enzyme in the 
forebrain. An important observation is that glial cells can express GSH-red. The 
astrocytic GSH-red expression is somehow related to the neuronal expression because 
it was only found in areas where the neurons did not express this scavenger. This may 
explain why we did not observe astrocytic GSH-red immunoreactivity in the Wistar rat 
and the C57bl mouse in which the overall neuronal expression level is high. 

Functional implications: 
In several studies, a link is made between decreased defence mechanisms to 

oxidative stress and several neurodegenerative disorders like Parkinson's disease 
(PD) 1 9•38• In PD, the massive degeneration of dopaminergic neurons in the substantia 
nigra pars compacta makes this nucleus the main brain region of interest concerning 
the research of PD. In our experiments apparent dopaminergic neurons within this 
nucleus were to a considerable degree immunopositive for GSH-red. This was also the 
case for apparent dopaminergic neurons in the ventral tegmental area. Although lower 
levels of glutathione in the substantia nigra of PD patients have been reported38 these 
studies concern homogenised samples of the substantia nigra pars compacta which 
might have been contaminated with the reticular part, probably containing much less 
glutathione. Moreover, Cu/Zn-SOD mRNA is reported to be present particularly within 
dopaminergic melanised cells in the SNC and ventral tegmental area57

• Hence, under 
non-pathological homeostatic conditions there seems to be no evidence of lowered 
scavenger enzyme expression in the substantia nigra pars compacta in comparison with 
other brain regions. In PD however, genetic defects may result in a decreased defence 
capacity against oxidative stress due to free radicals, which has already been described 
for amyotrophic lateral sclerosis39• It is also possible, that larger amounts of free radicals 
are formed, due to mitochondrial defects, which then overwhelm the in essence 
normally functioning scavenging system40

• Consistent with this idea seems to be the 
heavily labelled hippocampal CA 1 pyramidal cell layer for GSH-red in our 
experiments. In spite of this high expression of GSH-red the CA 1 area is not fully 
protected because this area is known to be extremely vulnerable to ischemia21 and 
reperfusion induced neurodegeneration24

•
25•

46
•
4i

. 

Each hypothesis described above has its own inconsistencies, so we can 
1 1 1  
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conclude that several mechanisms may be involved in the regulation of GSH-red 
expression. The most striking feature arising from our experiments is the heterogeneous 
distribution in the immunolabeling for GSH-red. Whatever the underlying mechanisms 
responsible for this heterogenic expression may be, it is conceivable that different brain 
regions have variable potentials to deal with oxidative stress. 
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SUMMARY 

1 1 6  

L-deprenyl (Selegil ine) protects animal brains against toxic substances such 

as 1-methyl-1 ,2,3,6-tetrahydropyri dine (MPTP) and 6-hydroxydopamine (6-OH DA). 

Experiments were conducted to test whether L-deprenyl prevents or reduces cerebral 

damage in a transient hypoxia/ischemia rat model .  Rats were treated for 14 days with 

2 mg/kg, 10 mg/kg L-deprenyl or saline. After surgery a 20 minute hypoxia/ischemia 

period was induced by simultaneous occl usion of the left common carotid artery and 

the reduction of the percentage oxygen in the gas mixture to 10 % .  Rats were 

sacrificed 24 hr later. Silver staining was used to reveal damage in several brain 

regions. In the brain both L-deprenyl dosages reduced damage up to 78 % compared 

to the controls. Total brain damage was decreased from 23-3 1 % to 5-9 % with the L

deprenyl t reatment (2 mg/kg, treatment: F 1 n = 6. 956, P < 0.05; 1 0  mg/kg, treatment: 

F 1 1 J - 5 . 73 1, P < 0.05). In the striatum significant treatment effects were found 
between both the L-deprenyl groups (2 mg/kg and 1 0  mg/kg respectively) and the 

saline group (F i . n - 14.870, P <  0.005 and F 1 1 3 = 8.93 7, P - 0.01 respectively). Also 

in the thalamus significant treatment effects were seen in the 2 mg/kg deprenyl group 

(F 1 u - 1 1 .638, P < 0.005) and the 10 mg/kg group (F 1 . 1 1 - 8.347, P < 0.05) compared 

to the control group. No significant damage decrease was seen in !he hippocampus 
and the cortex. The results show that L-deprenyl is effective as a prophylactic 

treatment for brain tissue when it i s  administrated before hypoxia/ischemia. 
Mechanisms responsible for the observed protection remain unclear. The regional 

differences in damage, however, are in accordance with the reported regional 

increase in superoxide dismutase and catalase activities after L-deprenyl treatment, 

suggesting the involvement of free radicals and scavenger enzymes. 



L-deprenyl reduces brain damage 

I NTRODUCTION 

A period of reduced oxygen supply can give irreversible neuronal death and 
often causes severe disability when the major motor control areas of the brain are 
affected. Because of the rapid irreversibility, effort has been put in finding treatments 
which prevent or reduce ischemia or oligemia induced cerebral damage. 

lschemic brain damage may involve several mechanisms but calcium
overload, glutamate toxicity and generation of free radicals are most intensively 
investigated. Due to the rapid establishment of ischemic damage (pharmacolgical} 
pretreatments should be considered. In our experimental hypoxia/ischemia model 
several potential protective pretreatments were tested on their abi I ity to reduce 
damage. The largest damage reduction was seen in rats which were food deprived for 
1 day, despite significantly increased glutamate levels in the striatum after the 
hypoxia/ischemiafi. 

We explored L-Deprenyl (Selegiline), an irreversible inhibitor of monoamine 
oxidase-B (MAO-b), as a potential neuroprotective agent against an ischemidhypoxic 
episode. L-deprenyl is a selective inhibitor of B-type MAO at moderate dosages and 
has several other characteristics which probably make it suitable as a prophylactic 
treatment in the prevention or reduction of neuronal damage3•9 1 1• 1 2 • L-Deprenyl for 
instance increases scavenger enzymes activities2

•
3 and this may (partially) explain the 

described neuroprotection of L-Deprenyl 1 2•20• 
In this paper the prophylactic effect of L-deprenyl on the cerebral damage of 

rats exposed to transient hypoxia/ischemia is described. Especially, attention was 
focussed on regional brain differences in total damage. 

METHODS 

Animals and treatments: 
Adul t  male Wistar rats (derived from the Centraal Proefd ieren Lab., G roningen, The 

Netherlands), with ad l ibitum access to food and water, weighing 230-250 g at the beginning 
of the experiment were used and at  random d ivided into three experimental groups. These 
three groups were treated dai ly, for two weeks, with 2 mg/kg (n = 8), 1 0  m g/kg (n = 8) L
deprenyl U UMEX, Chinoin, Budapest) i.p. or sal ine (n = 7). Each day the ani mals were 
weighed and the food intake was determined. An imals were treated for 1 4  days with 2 
mg/kg L-Deprenyl because this dose opti mally increases the activity of the free radical 
scavenger enzymes2•8• 13• The high dose of 10 mg/kg was used because doses larger than 2 
mg/kg L-deprenyl were shown to give neuroprotection against 6-0HDA"·' 2 even after one 
si ngle treatment. B lood glucose levels in the three groups were measured 1 4  days after 
i n itiation of the treatment (n = 1 8) i n  fol low-up experiments. 

1 1 7  



Chapter 7 

Surgery: 
On day 1 4  rats were anaesthetised with sodium pentobarbital (50 mg/kg, i .p.), the 

left femoral artery was exposed and cannu lated for continuous mean blood pressure 
monitoring (Hewlett Packard pressure transducer, Boeblingen, Germany). The left carotid 
artery was exposed and the rats were intubated, connected to a ventilator and stabi l ised 
during 1 0  minutes with a mixture of 30 % 02 and 70 % N 2O (Infant ventilator MK2, Loosco, 
Amsterdam, The Netherlands). After stabi l isation a 20 minute hypoxia/ischemia period was 
induced by simultaneous occlusion of the left carotid artery and reduction of the oxygen 
content in the gas mixture to 10 % 02, followed by a 1 5  min normoxia (30 % 0./70 % N2O). 
During surgery body temperature was maintained between 36 .5 and 37.5 °C with an 
incandescent lamp and a heating pad6• Al l  treatments and surgical procedures were approved 
by a local animal ethics committee. 

Histology: 
After a 24 hours survival period rats were deeply anaesthetised with sodium 

pentobarbital (70 mg/kg i .p . )  and perfused transcardial ly with sal ine followed by  400-600 ml  
ice-cold 4 % paraformaldehyde i n  0. 1 mol/L borate buffer (pH 9.5) 15• Brains were postfixed 
for 24 hr and cryoprotected overn ight in 20 % Sucrose in 0. 1 mol/L phosphate buffer pH 7.4 
at 4 °C. Twenty-five µm thick frontal sections were cut on a cryostat microtome and stored. 
Every fifth section was stained with an improved Gallyas si lver impregnation procedure5.7· 18, 
which labels degenerating cel l bodies and their processes. In brief, free float ing sections were 
three times rinsed in quartz destilled water and pre-treated for three times five minutes i n  a 
solution contain ing 1 . 1  mol/L NaOH and 75 mmol/L N H4NO1 • Tissue was subsequently 
impregnated for 1 0  minutes in  1 .4 mol/L NaOH, 0.8 mol/L N H4NOJ and 1 8  mmol/L AgNO1• 
After rinsing three times for five minutes in 47 mmol/L Na1CO3, 1 . 5 mmol/L N H4NOJ, 30 % 
ethanol the sections were developed for 1 m inute in 0.07 % Citric Acid, 0.55 % formal in, 9.6 
% ethanol, 0.675 mol/L NaOH and 0.75 mmol/L N H4NO3 • Si lver deposits were fixed for four 
minutes in 1 .5 mol/L Na2S2O3 .5H2O, ri nsed three times five minutes in  d isti l led water and 
stored in 0.1  mol/L phosphate buffer pH 7.4 before mounting on gelatin coated sl ides. 

Data analysis: 

1 1 8  

Investigators were during surgery and analysis of the histology b l inded to the 
procedures. Rats with a b loodpressure drop during hypoxia/ischemia of less then 60 % of 
normal bloodpressure were excluded from the analysis .  In frontal sections of the brain both 
total and regional damage was determined using l ight microscopy. Camera lucida drawings 
of the si lver sta in ing in the side ipsi- and contra lateral to the clamped artery were made on 
mi l l imetre paper and used for damaged-area-size calculations. As numerator served the 
square mi l l imetres si lver stained area and as denominator functioned the total square 
mi l l imetres of the area. This was specified to the fol lowing brain areas; h ippocampus, 
striatum, cortex and thalamus. Attention was especial ly focussed on four coronal sections; 
5 . 7, 6 .7, 7.7 and 9.2 mm rostral from the interaural-l ine (i.a.). Al l data shown are presented as 
the mean ± SEM. Si lver stain ing data were statistical ly evaluated using an analysis of 
variances with repeated measures (ANOVA) and fol lowed by the post-hoc corrected 
(accord ing to Newman-Keuls) student's t-test. Delta weight, Dai ly food intake and blood 
pressure were analysed with a (two tai led) Student's t-test. The average si lver stain ing data 
were analysed with ANOVA. A probabi l ity level of P< 0.05 was taken significant for al l tests. 
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RESULTS 

In table 1 it is shown that the weight gain after 14 days (delta weight) in the 10 mg L
deprenyl group (19.1 ± 3.5 g) was markedly reduced when compared to the control 
group (46.9 ± 3.1 g; p = 0.0001) and the 2 mg L-deprenyl group (40.3 ± 3 g; p <  
0.001), although daily food intake and food intake per gram bodyweight (not shown) 
did not differ between the groups. Bloodglucose levels in the control group were 6.3 
± 0.3 mmol/I and were not signi ficantly different from levels found in the 2 mg/kg 
and 10 mg/kg L-Deprenyl treated rats (respectively 6.0 ± 1.0 and 6.3 ± 0.2 mmol/1) .  
Also the mean arterial bloodpressures before, during and after the hypoxic period 
between controls and deprenyl treated rats were not significantly different. 

TABLE 1 Distribution of several parameters in saline and L-deprenyl treated groups. 
Control 2 mg/kg L-deprenyl 1 0  mg/kg L-deprenyl 

Mean Blood Pressure mmHg n=7 n=B n=B 
before ischemia 1 74.9 ± 1 0.6 162.7 ± 1 2.9 148.9 ± 1 5.0 
during ischemia 62.8 ± 6.7 54.7 ± 6.7 59.4 ± 7.4 
after ischemia 1 69.2 ± 1 0. 1  1 59.8 ± 1 1 .8 1 5 1 .4 ± 1 6 . 1  

Delta Weight (g) 46.9 ± 3.1 40.3 ± 3.0 1 9. 1  ... ± 3 .5  
Daily food intake (g) 21 .8 ± 0 .7  1 9.9 ± 0 .6 1 8. 1 ± 0 .8 

Data are expressed as averages ± S.E.M . .  ("·: p< 0.001 ) 

The percentage damaged area when averaged over several levels showed 
that the forebrain as a total and all regions studied except the hippocampus and the 
cortex had significantly less silver stained surface (figure 1 A#, B#, C#, D#, E#). In the 
striatum and thalamus this damage reduction was at least 50 % and at most 79 %. 
The percentage total damaged area in the forebrain of control rats was 27 % and this 
was reduced in the L-deprenyl treated groups to 6 % (2 mg/kg) and 8 % ( 1 0 mg/kg). 

Forebrain: 
The silver stained surface specified at different levels rostral from the 

interaural (i.a.) line showed in some regions an anterior-posterior damage gradient. In 
the saline group the brain hemisphere ipsilateral to the occluded artery was damaged 
for 23-31 % of the total brain area (figure l A). A significant reduction of this damage 
(by approximately 75 %) to about 5-9 % of the total brain area was seen at all four 
coronal levels studied in the 2 mg/kg deprenyl (F 1 1 3 = 6.956, P <  0.05) treated group 
(figure 1 A). The damage in the 10 mg/kg treated group was also significantly less 
(F 1 . 1 3 = 5.731, P <  0.05) compared to the saline group. The Newman-Keuls-test 
indicated that there was a significant damage difference at the most anterior (17.5 ± 

7.9 %; p <  0.05) and posterior (15.6 ± 3.7 %; p <  0.05) level. The total brain 
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Figure 1 Line graphs indicate the percentage silver stained area in several brain 
areas (forebrain, hippocampus, cortex, striatum and thalamus) at different levels rostral 
from the interaural line after administration (i.p.) of saline (n=7), 2 mg/kg (n=B) or 10  
mg/kg (n=B) L-deprenyl for 14 days. Bar graphs (A#, B#, C#, D# , E#) indicate the 
average level of silver stained surface in several brain areas after treatment. Data are 
expressed as averages ± S.E. M. . 
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damage in the other two sections, however, was not significantly different (2 1 .8 ± 
4.9; p = 0.070 and 23. 1 ± 1 0.8; p = 0.07 1 ). 

The localisation of the silver staining in the control brain was most 
pronounced in the dorso-lateral parts of the striatum, cortex and thalamus  (figure 2). 
The hippocampal area (figure 1 B) in the control animals was damaged on average for 
30 - 38 %.  In the hippocampus no reduction of damage was seen by any of the L
deprenyl treatments. 

In the saline group silver staining was detectable in 1 9.6-24.3 % of the 
cortical areas (figure 1 C). In the L-deprenyl (2 and 10 mg/kg) groups the cortical 
damage was highest at the most frontal levels (4.2  and 7. 1 %, respectively) but 
decreased gradually to 2 . 1  and 1 . 7 % respectively at the more caudal sections. These 
differences were significant (p < 0.001)  at the most caudal levels. 

Thalamus: 
The caudal thalamic levels (figure 1 E) of saline treated animals showed a 

larger silver stained area (50.5 %) than the more frontal levels ( 16. 7  % ). In the L
deprenyl treated groups this gradual decrease of silver staining from caudal to frontal 
levels was less pronounced. Both the 2 and 1 0  mg/kg L-deprenyl treated groups, 
compared to the saline group, showed in the thalamus a significant neuroprotective 
effect ( F 1 1 3  = 1 1 .638, P < 0.005; F 1 . 1 3  = 8.347, P < 0.05, respectively). The thalamic 
damage after 2 en 10 mg/kg deprenyl treatment was significantly reduced at the most 
caudal levels, at 5 .7 ( 1 2. 1 ± 6.2; p<  0.0 1  and 13.6 ± 5.9; p <  0.01,  respectively) 
and 6. 7 mm (9.8 ± 3.8; p <  0.01  and 1 1 . 1  ± 6.4; p <  0.05, respectively) rostral from 
the i.a.-line. 

Striatum: 
Of all brain areas examined the percentage of damage was the highest in the 

striatal areas of the saline group (figure 1 D), between the 52. 1 % and 54.6 % in the 
various coronal sections. In the group injected with 10 mg/kg L-deprenyl the damage 
was significantly reduced (F 1 11 = 8.937, P= 0.0 1)  compared to the saline group. The 
Newman-Keuls-test in this group showed a significant damage reduction at 9.2, 7.7 
and 6.7 mm rostral from i.a.-line. The group treated with the low dose L-deprenyl 
showed at all rostro-caudal levels significant less (F 1 1 i - 14.870, P < 0.005) silver 
stained area compared to the controls and were affected on average by 2 1  %. 
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Control 2 mg/kg Deprenyl 10 mg/kg Deprenyl 

Figure 2 Camera-lucida drawings of silver stained sections at different rostro-caudal 
levels obtained from rats treated with saline, 2 mg/kg L-deprenyl and 10  mg/kg L
deprenyl. Cross hatched regions represent the silver staining. (CPu:Caudate Putamen, 
ic:internal capsula, FrPaSS:Frontoparietal cortex somatosensory area, 
FrPaM:Frontoparietal cortex motor area) 

DISCUSSION 

122 

This study shows that L-deprenyl exerts protective effects against 
ischemidhypoxic damage in the striatum and thalamus when applied i.p. to rats for 
14 days in 2 and 10 mg/kg doses. No significant decrease of silver stained areas were 
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seen in the hippocampus and in large parts of the cortex after L-deprenyl treatment. 
In general the total damaged area in both L-deprenyl groups was reduced for up to 78 
% compared with the damage in the saline group. Neuroprotective effects of L
deprenyl were also reported by others22

• In their experiments L-deprenyl rescued 
neurons from the delayed neuronal cell death in the hippocampus22 after transient 
bilateral occlusion of the carotid artery. 

The mechanism through which L-deprenyl diminishes damage is unclear. 
However a few possibilities for the protective effects of L-deprenyl should be taken 
into consideration. Previously we have shown that 24 hr fasted rats are 
protected against ischemic-hypoxic damage in the presently used model6

• The 
reduced deltaweight of the L-deprenyl treated animals versus the saline treated 
animals might suggest a chronic fasting state for the L-deprenyl treated animals. 
However the gradually gain in bodyweight, the unchanged food intake seen in the L
deprenyl treated rats and the comparable blood glucose levels is in disagreement 
with the idea that L-deprenyl treatment induces a hypoglycemic state of the rat. This 
idea of a chronic fasting state is furthermore rejected by a study which has shown that 
the beneficial effects of L-deprenyl on life expectancy were not mediated by way of 
food restriction 1 7• 

The regional differences in damage protection by L-deprenyl are in 
agreement with MAO-b independent effects of L-deprenyl on free radical scavenger 
enzymes i.e. catalase and SOD2•3 • Cortical areas showed a tendency for increased 
activities, but the increase in the activities of the scavenger enzymes was most 
pronounced in striatum and thalamus; the areas which were most protected by L
deprenyl in the present study. The hippocampal scavenger enzyme activities, 
however, were not changed corresponding to the lack of effect of L-deprenyl on 
hippocampal ischemic damage. This ability of scavenger enzymes to protect against 
ischemia induced damage has been described by numerous studies. Not only 
exogenously applied scavenger enzymes 1 6  but also intrinsically increased expression 
of these enzymes had beneficial effects on damage outcome. For instance an 
increased SOD-expression in transgenic mice offered protection against radicals 
generated through ischemia4

•
1 0  and/or MPTP 1 9 • 

However other MAO-B inhibitors were shown to eliminate the rise of toxic 
H2O2 in the reperfusion period in a rat ischemia model2 1

• So it seems that L-deprenyl 
can prevent the damaging effects of radicals by either preventing the rise of H2O2, 

which can quickly be converted to the most damaging OH radical or by increasing 
the enzymatic radical scavenging capacity. 

Although no significant differences in protection between both doses 1-
deprenyl could be found, the low doses L-deprenyl appears to be the most effective 
in damage reduction. An explanation for this phenomenon might be given by the fact 
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that L-deprenyl influences the SOD and catalase activity in an inverted U-shape way3, 
with an optimal scavenger activity increase after administration of 2 mg/kg L
deprenyl. 

Long-term L-deprenyl treatment has also several other beneficial effects; It 
slows down significantly the age-related decline of sexual functioning in male rats 
and it proved to be beneficial for the performance in a learning test 1 • Finally it also 
improved the live-span of L-deprenyl treated rats compared to their saline treated 
pears 11• 14• 

In short, a 1 4  day L-deprenyl pre-treatment offers in the 2 and 1 0  mg/kg 
treated animals  substantial protection against an oxygen shortage. Therefore more 
should be known about the exact mechanisms behind this protection, the dose
responsiveness of this phenomenon, the protective effects after prolonged L-deprenyl 
administration and if L-deprenyl reduces damage when given after hypoxia/ischemia. 

REFERENCES 

1 .  

2. 

3. 

4. 

5.  

6. 

7. 

8. 

9. 

1 0. 

1 1 .  

l 2. 

1 24 

Brandeis, R., Sapir, M., Kapon, Y., Borre l l i ,  G.,  Cadel, S. and Valsecchi, B. Improvement of 
cognitive function by MAO-b 1n h1 bitor I-deprenyl in  aged rats, Pharmacol. Biochem. Behav, 
39 ( 1 9 9 1 )  297-304. 
Carri l lo, M.C., Kana,, S., Sato, Y., Ivy, G .O. and Kitan l, K. Sequential Changes in Activities of 
Superoxide Dismutase and Catalase in Bra in  Regions and Liver During (-)Deprenyl Infusion 
in Male Rats, B,ochem. Pharmacol. 44 (1 992) 21 85-2 1 89. 
Carri l lo, M.C., Kitan i,  K., Kana,, S., Sato, Y. and Ivy, G .O. The Abil ity of (-)Deprenyl to 
Increase Superox1de D1smutase Activities i n  the Rat Is Tissue and Brain Region Selective, Life 
Sci. 50 ( 1 992) 1 985-1 992. 
Chan, P.H.  Antioxidant-Dependent Amel ioration of Brain Injury - Role of CuZn-Superoxide 
Dismutase, / Neurotrauma. 9 ( 1 992) S41 7-S423.  
Crain, B ., Wetserkam, W.D., Harrisson, A.H. and Nadler, J .V. Selective neuronal death after 
transient forebrain ischemia in the mongol ian gerbi l :  A s i lver impregnation study, 
Neuroscience, 40 (1 990) 1 865-1 869. 
Dijk, S .N ., Kropvangastel, W., Obrenovitch, T.P. and Korf, J. Food Deprivation Protects the 
Rat Striatum Agai nst Hypoxia-lschem1a Despite H igh Extracel l u lar G lutamate, / Neurochem. 
62 (1 994) 1 847-1 85 1 .  
Gal lyas, F., Wolff, ) .R., Bottcher, H .  and Zaborzky, L .  A reliable and sensitive method to 
localize termma( degeneration and lysosomes m the central nervous system, Stain Technol. 
55 (1 980) 299-306. 
Gerlach, M., Riederer, P., Przuntek, H . and Youd ,m, M.B .H.  MPTP Mechanisms of 
Neurotoxic i ty and Their Impl ications for Park inson's D isease, Eur. I Pharmacol-Molec. 
Pharm. 208 (1 99 1 )  2 73-286. 
Kabins, D. and Gershon, S. Potential applications for monoamine oxidase B inhibitors, 
Dementia, 1 ( 1 990) 323-348. 
K inouch i,  H., Epstein, C.J ., Mizui, T., Carlson, E., Chen, S .F .  and Chan, P .H.  Attenuation of 
Focal Cerebral tschem ,c l ni ury in Transgenic Mice Overexpressing CuZn Superoxide 
Dismutase, PNAS, 88 (1 99 1 )  1 1 1 58- 1 1 1 62. 
Knoll,  1 - The possible mechanisms of action of (-)deprenyl in  parkinson's disease, I Neural 
Transm. 43 (1 978) 1 77-1 98. 
Knoll, J . The Pharmacology of (-)deprenyl , / Neural Transm. (suppl)22 (1 986) 75-89. 



L-depreny/ reduces brain damage 

1 3 . Kno l l ,  J .  The striatal dopamine dependency of l ife span in male rats. Longevity study with (
)deprenyl, Mech. Ageing Dev. 46 (1 988) 237-262. 

1 4 .  Knoll ,  J .  The pharmacology o f  selegi l ine ((-)deprenyl). New aspects, Acta Neurol. Scand. 1 26 
(1 989) 83-91 . 

1 5 . Knol lema, S., Brown, E . R., Vale, W. and Sawchenko, P.E.  Novel Hypotha lamic and Preoptic 
Sites of Prepro-Melanin-Concentrating Hormone Messenger Ribonucleic Acid and Peptide 
Expression in  Lactati ng Rats, / Neuroendocrinol. 4 (1 992) 709-71 7. 

1 6. Lehman, J .D., Dyke, C., Abdelfattah, A., Yeh, T., Ding, M., Ezrin, A. and Wechsler, A.S. 
Polyethylene G lycol Conjugated Superoxide Dismutase Attenuates Reperfusion I njury When 
Admin istered 24 Hours Before lschemia, / Thorac. Cardiovasc. Surg. 1 04 ( 1 992) 1 597-1 601 . 

1 7. Mi lgram, N .W., Racine, R.J., Nel l is, P., Mendoca, A. and Ivy, G .O.  Maintenance on L
deprenyl prolongs l i fe in aged male rats. Life Sci. 47 (5) ( 1 990) 41 5-420. 

1 8. Nadler, J .V. and Evenson, D.A. Use of excitatory amino acids to make axon sparing lesions 
of the hypothalamus, Methods Enzymol. 1 03 (1 983) 393-400. 

1 9. Przedborski, S., Kostic, V., Jacksonlewis, V., Na1ni ,  A.B.,  Simonetti, S. ,  Fahn, S., Carlson, E., 
Epste in, C.J . and Cadet, J .L. Transgenic Mice with Increased Cu/Zn-Superoxide Dismutase 
Activity Are Resistant to N-methyl-4-phenyl-1 ,2,3,6-tetrahydropyrid ine-induced 
Neurotoxicity, / Neurosci. 1 2  ( 1 992) 1 658-1 667. 

20. R inne, J .O., Roytta, M., Paljarvi, L., Rummukainen, J .  and R inne, U.K.  Selegi l i ne (deprenyl) 
treatment and death of nigral neurons in  Parkinson's d isease, Neurology, 41 (1 99 1 )  859-861 . 

2 1 . Simonson, S.G., Zhang, J . ,  Canada, A.T., Su, Y.F., Benveniste, H. and Piantadosi, C.A. 
Hydrogen Peroxide Production by Monoamine Oxidase During lschemia- Reperfusion in  the 
Rat B rain, / Cereb. Blood Flow Metab. 1 3  (1 993) 1 25-1 34. 

2 2 .  Sivenius, J . ,  Kuhmonen, J . ,  Miettinen, R . ,  Baapal inna, A .  and Riekkinen, P . J .  Effect of 
selegi l ine on the h ippocampal CA 1 Layer following transient ischaemia in gerbi l .  
Soc.Neurosci.Abstr. 20 (1 994) 83.5 

125 



Chapter 7 

126 



PROTECTION OF L-DEPRENYL IS REGULATED BY 

A MAO DEPENDENT EFFECT 

Chapter 8 



Chapter 8 

SUMMARY 

128 

L-Deprenyl (selegi line) protects an imal brains against toxic substances and is 
also able to diminish the post-hypoxidischemic damage. Several mechan isms might 
be responsible for the observed post hypoxic protection. L-deprenyl may provide 
neuroprotection against radicals by either preventing the rise of H2O2 or by increasing 
the enzymatic radical scavenging capacity. In this experiment we explored if the 
neuroprotection by L-deprenyl against hypoxia/ischemia can be mimicked by another 
MAO-B inhibitor (lazabemide) or might be solely explai ned by an increase in the 
scavenger enzyme activities. Animals were treated for 1 4  days with L-deprenyl (2 
mg/kg), lazabemide ( 10 mg/kg) or saline and subjected to the hypoxidischemic 
procedure. In another group of Wistar rats the effects of L-deprenyl ( 2mg/kg and 10 
mg/kg) on the scavenger enzyme activities were tested. This study showed that i.p. 
admin istration of 2 mg/kg or 10 mg/kg L-deprenyl did not have any effect on the 
scavenger enzyme activities. L-deprenyl treatment had no additional beneficial 
protective effects on damage outcome compared to lazebemide (RO-1 9-6327) in the 
cortex, striatum, hippocampus, thalamus and the forebrai n. However, the substantia 
nigra was selectively protected by L-deprenyl compared to lazabemide. L-deprenyl 
reduced damage after experimental hypoxia/ischemia main l y  by a MAO-B dependent 
mechanism, al though other protective mechanisms in the substantia nigra can not be 
excluded. 
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I NTRODUCTION 

Brain tissue is easily affected when, for short periods, the oxygen supply is 
reduced or stopped. Because of the rapid establishment of neuronal damage, effort has 
been put in finding treatments which prevent or reduce ischemia or oligemia induced 
cerebral damage. Because of this rapid irreversibility of ischemic damage prophylactic 
treatments in individuals at high risk for stroke should be considered. In our 
experimental hypoxia/ischemia (Levine) model several potential protective 
pretreatments 1 7•36•37•39 were tested on their abi I ity to reduce damage and L-deprenyl 
(selegiline) proved to be very effective in reducing brain damage when it is applied for 
14 days prior to hypoxia/ischemia38

• These neuroprotective effects of L-deprenyl were 
also reported by others58

• In their experiments L-deprenyl rescued neurons from the 
delayed neuronal cell death in the hippocampus58 after transient bilateral occlusion of 
the carotid artery. 

Mechanisms of L-deprenyl mediated neuroprotection are unclear. However, a 
few obvious possibilities may be taken into consideration. First of all, regional 
differences in damage protection by L-deprenyl38 were found to be in agreement with 
L-deprenyl mediated increase of the free radical scavenger enzyme activity i.e. catalase 
and 50D7

•
9

• The ability of these increased scavenger enzyme levels to protect against 
ischemia induced damage has been described by numerous studies62

'
28

• Especially 
intrinsically increased expression of the scavenger enzymes had beneficial effects on 
damage outcome. For instance an increased SOD-expression in transgenic mice 
offered protection against radicals generated through ischemia1 1 .2a and/or MPTP5 1

, 

However, other MonoAmineOxidase-B (MAO-B) inhibitors were also shown to 
eliminate the rise of toxic radicals (such as hydrogen peroxide and hydroxyl radicals) 
in the reperfusion period in a rat ischemia model56 . Hydrogen peroxide is produced 
during normal brain metabolism, but an enhanced production has been shown in CNS 
02 toxicity42

•
57

• This increased hydrogen peroxide concentration originates mainly 
from augmentation of the dopamine metabolism after hypoxia/ischemia16

•
42

• Although 
H202 is the most diffusible and least reactive of the oxygen based radicals, it can 
produce cellular damage after its conversion to the reactive hydroxyl radical46

·
59

. The 
presence of high concentration ferrous iron during periods of oxygen 
shortage25•26•47•65enables the conversion of hydrogen peroxide to hydroxyl radicals (via 
the Fenton reaction) i.e., 
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So it seems that L-deprenyl may provide neuroprotection against radicals by either 
increasing the enzymatic radical scavenging capacity or by preventing the rise of 
H202, which can quickly be converted to the most damaging •OH radical. In this 
experiment we explored if the neuroprotection by L-deprenyl against hypoxia/ischemia 
can be mimicked by another MAO-B inhibitor (lazabemide) or might be solely 
explained by an increase in the scavenger enzyme activities. Animals were, therefore, 
treated for 14 days with L-deprenyl (2 mg/kg), lazabemide ( 10 mg/kg) or saline and 
subjected to the hypoxidischemic procedure. In another group of Wistar rats the 
effects of L-deprenyl on the scavenger enzyme activities were tested. 

MATERIALS AND METHODS 

HYPOXINISCHEMIA: 

Animals and treatments: 

Surgery: 

Adult male Wistar rats (derived from the Central Animal Lab., Groningen, The 
Netherlands), with ad l ibitum access to food and water, weigh ing 230-250 g at the beginn ing 
of the experiment were used and at random d ivided into three experimental groups. These 
three groups were treated dai ly, for two weeks, with 2 mg/kg (n = 8) L-deprenyl (J UMEX, 
Chinoin, Budapest) i.p., 10 mg/kg lazabemide (RO-1 9-6327) (n = 7 )  or sal ine (n - 7). 

On day 1 4  rats were anaesthetised with sodium pentobarbital (50 mg/kg, i .p.). The 
surgical and the hypoxidischemic procedure were described elsewhere38.-l n pentobarbital 
(50 mg/kg; ip) anaesthetised rats the left femoral artery was exposed and inserted with a 
polyethylene catheter for continuous blood pressure record ing. The left carotid artery was 
exposed and the rats were intubated and connected to an infant breathing venti lator. After a 
stabil isation period of minimal 1 0  minutes of normoxia (30% 0/70% N2O), ischemia was 
induced by un ilateral cl ipping of the carotid artery and decreasing of the oxygen content to 
1 0% 02 for 20 min .  Subsequently, the cl ip was removed and rats were kept on the ventilator 
for another 1 0  min .  of normoxia. 
Histology: After a 24 hours survival period rats were deeply anaesthetised with sod ium 
pentobarbital (70 mg/kg i .p.) and perfused transcardia l ly with sal i ne followed by 400-600 ml  
ice-cold 4 % paraformaldehyde in  0.1  M borate buffer (pH 9.5)35• Brains were postfixed for 
24 hr and cryoprotected overnight in 20 % Sucrose in 0. 1 M phosphate buffer pH 7.4 at 4 ° C. 
Twenty-five µm thick frontal sections were cut on a cryostat m icrotome and stored. Every fifth 
section was stained with an improved Gal lyas si lver impregnation procedure 1 5•20•38.48, wh ich 
labels degenerating cel l  bodies and their processes. 

Data analysis: 

1 30 

Investigators were d uring surgery and analysis of the h istology b l inded to the 
procedures. Rats with a bloodpressure drop during Hypoxia/ischemia of less then 60 % of 
normal bloodpressure were excluded from the analysis. In  frontal sections of the brain both 
total and regional damage was determ ined using li ght microscopy. Camera l ucida drawings 
of the si lver staining in the side ipsi- and contralateral to the clamped artery were made on 
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mi l l imetre paper and used for damaged-area-size calculations. As numerator served the 
square m i l l imetres si lver stained area and as denominator functioned the total square 
m i l l imetres of the area. This was specified to the following brain areas; h ippocampus, 
striatum, cortex and thalamus, substantia n igra. Attention was especial ly focussed on four 
coronal sections; 5 . 7, 6 .7, 7.7 and 9.2 mm rostral from the interaural-l ine ( i .a.) . All data 
shown are presented as the mean ± SEM. 

B IOCHEMICAL ESSAYS: 

Animals and treatments: 
Rats were treated for 1 4  days with L-deprenyl (2 and 1 0  mg/kg) or sa l ine  (n = 6 i n  

each group). The high dose of 10  mg/kg was used because doses larger than 2 mg/kg L
deprenyl were shown to give neuroprotection against 6-OHDA2

' ·
30 even after one single 

treatment. B lood glucose levels i n  these three groups were determ ined. On day 1 4  rats were 
decapitated and the brains were dissected into the fol lowing parts (striatum, cortex, 
h ippocampus, thalamus and cerebel lum) and stored in l iquid n itrogen. Bra in  tissue was 
pulverised , washed with 0 . 1  M Phosphate buffered sal ine (PBS) pH = 7.6 and resuspended in  
a relevant concentration i n  PBS or  another solution mentioned in  the assay procedures. B ra in 
tissues were vortexed and son icated. The cel l  suspension was centrifuged at  4°C ( 1 00,000 x 
g, 1 h). The supernatant was assayed. Al l  measurements were performed under V max 
cond itions. 

Sulfhydryl compounds:45 

For glutath ione (GSH) determination, tissue was pulverized and resuspended in  cold 
5 % trichloro-acetic acid, vortexed and centrifuged at 4°C ( 1 0,000 x g, 1 h). The supernatant 
was assayed for total GSH by the enzyme recycl ing method under cond itions s imi lar to those 
described by Tietze"' .  

Enzyme assays:45 

Glutath ione peroxidase (GPX) was measured by the method of Pagl ia and Valentine50 

and glutathione reductase (GR) activity by a modification of Carlberg and Mannervik4 . I n  
both assays the consumption of NADPH was fol lowed by analysing the absorbance change at 
340 nm.  Superoxide dismutase (SOD) activity was measured by the method of McCord and 
Fridovitch44 . The inh ibition of formation of reduced cytochrome by SOD was measured at 
550 nm. The catalase (CAT) activity was measured following the decomposition of H2O2 
mediated by catalase at 240 nm accord ing to Beers and Sizer' . For protein  determi nation the 
Lowry assay was used4 1

• All data shown are presented as the mean ± SEM. 

Statistical analysis: 
The data were analysed with ANOVA. A probabi l ity level of P <  0.05 was taken 

significant for a l l  tests. All treatments and surgical procedures were approved by a local 
animal ethics committee. 
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Figure 1 Bar graphs indicate the average level of silver stained surface in several brain 
areas (forebrain, hippocampus, cortex, thalamus, striatum and the substantia nigra) after 
treatment with saline, 2mglkg Deprenyl (Dep) or 10 mg/kg Lazabemide (Laz). Data are 
expressed as averages ± S.E. M  . .  

RESULTS 
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The localisation of the silver staining in the control brain was most 
pronounced in the dorso-lateral parts of the striatum, cortex and thalamus. L-deprenyl 
reduced the damage in the forebrain from 26. 9 % ( ± 8.2)  in control rats to 6.3 % 
( ± 1 . 7). While in the hippocampal and cortical areas no significant reduction in the 
silver staining was noticed by any treatment, the damage in the thalamus, striatum 
and substantia nigra was significantly reduced by the L-deprenyl treatment from 
respectively 35.4 % ± 8.0, 53.5 % ± 8.2 and 47.4 % ± 15 .7  to respectively 7.4 % 
± 3.3, 20.7 % ± 3.5 and 3. 1 % ± 3. 1 (Figure 1 ). Lazabemide treatment reduced the 
silver staining to 26.4 % ± 4.3 in the striatum, but the silver stained area in the 
thalamus (24.3 % ± 4.8) was in the lazabemide treated rats not significantly 
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different from both controls and L-deprenyl treated rats. Only in the substantia nigra 
L-deprenyl significantly reduced the silver stained area (3.1 % ± 3.1) compared both 
to the controls (47.4 % ± 15.7) and to the lazabemide treated rats (39.0 % ± 10.5). 

Table 1 Glutathione peroxidase activity in nmol NADPH per mg protein in several brain 
areas after treatment with saline, 2mglkg or 10  mg/kg L-deprenyl. Data are expressed as 
averages ± S.E. M. .  

Brain area Saline 2 mg/kg Deprenyl 1 0  mg/kg Deprenyl 
Hippocampus 1 8.8 ± 4.4 1 8. 2  ± 4.5 1 6.9  ± 4.9 

Striatum 1 9.7 ± 3.4 1 8.5 ± 5.8 25.0 ± 8.5 
Cortex 14.2 ± 2.0 14 .2 ± 1 .5 1 3.2 ± 1 .4 

Thalamus 1 7.5 ± 4.9 1 7.5 ± 4.6 1 8.0 ± 1 . 1 
Cerebel lum 20.5 ± 3.6 2 1 .4 ± 2.7 2 1 .4 ± 0.8 

The mean arterial bloodpressures before, during and after the hypoxic period 
between controls, lazabemide and deprenyl treated rats were not significantly 
different. Bloodglucose levels in the control group were 6.3 ± 0.3 mmol/I and were 
not significantly different from levels found in the (2 and 10 mg/kg) L-deprenyl 
treated rats (respectively 6.0 ± 1.0 and 6.3 ± 0.2 mmol/I). 

Table 1 showed that in none of the investigated brain areas a significant 
change in GPX activity, as a result of the different treatments, could be measured. In 
all groups the measured activity of GPX was lowest in the cortex (13.2 - 14.2 nmol 
NADPH per mg protein) while the cerebellar activity was the highest (20.5- 21.4 
nmol NADPH per mg protein) . Also SOD and CAT activities were comparable 
between the saline and L-deprenyl treated rats (Table 2 and 3). However, in other32 

and our study the cerebellar SOD activity was higher compared to the other brain 
areas ( in the saline treated rats from 5. 1 in the thalamus to 18.1 iu per mg protein). 
CAT activity was also highest in the cerebellum (9.6 -10.5 µmol H2O2 per minute per 

mg protein). Furthermore, the total amount of reduced GSH was not different 
between the treated groups although lowest levels were consistently found in the 
hippocampus (1588-1764 ng per mg protein). 

Table 2 Superoxide dismutase activities in international units per mg protein in the brain 
after treatment with saline, 2mg/kg or 10 mg/kg L-deprenyl. Data are expressed as 
averages ± S.E.M . .  

Brain area 
Hippocampus 

Striatum 
Cortex 

Thalamus 
Cerebellum 

Saline 
5.5 ± 1 .0 
5.5 ± 1 .2 
1 7.8 ± 3.2 
5. 1 ± 1 .2 
1 8. 1 ± 2.9 

2 mg/kg Deprenyl 
5. 1 ± 1 . 8 
4 . 1  ± 1 .2 
1 0. 1  ± 2.5 
4.7 ± 1 .4 
1 9.5 ± 0.8 

10 mg/kg Deprenyl 
3.7 ± 1 . 2  
5.7 ± 1 .7 
1 3.9 ± 3.5 
7 .8 ± 1 .2 
1 7.0 ± 4.2 

1 33 



Chapter 8 

DISCUSSION 
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This study showed that i.p. administration of 2 mg/kg or 10 mg/kg L-deprenyl 
did not have any effect on the scavenger enzyme activities. L-deprenyl treatment had 
no additional beneficial protective effects on damage outcome compared to 
lazebemide (RO-1 9-6327) in the cortex, striatum, hippocampus, thalamus and the 
forebrain. However, the substantia nigra was selectively protected by L-deprenyl 
compared to lazabemide. 

Previous studies have also shown that L-deprenyl exerts protective effects 
against experimental induced oxygen shortage38

•
58

, but were unable to elicit the exact 
mechanisms behind this protection. One of the postulated beneficial effects of L
deprenyl are mediated through the advantageous increase of scavenger enzymes 
activities. 

Table 3 Catalase activities in µmot HP/minute per mg protein in several brain areas 
after treatment with saline, 2mglkg or 1 0  mg/kg L-deprenyl. Data are expressed as 
averages ± S.E. M.. 

Brain area 
Hippocampus 

Striatum 
Cortex 

Thalamus 
Cerebellum 

Saline 
2.9 ± 0. 1 
.3.3 ± 0.3 
2.9 ± 0.3 
8.0 ± 0.4 
10.5 ± 0.7 

2 mg/kg Deprenyl 
3. 1 ± 0.2 
2.8 ± 0.2 
2.7 ± 0. 1  
7.5 ± 0.3 
9.6 ± 0.6 

1 0 mg/kg Deprenyl 
3.0 ± 0.3 
3.5 ± 0.4 
2.9 ± 0.4 
7.9 ± 0.4 
9.9 ± 0.5 

In numerous studies the age and region dependent increase of scavenger enzymes 
activities were described5•10• However most studies used Fischer 344 rats and less 
was known about the scavenger enzymes activities after L-deprenyl administration in 
Wistar rats. 

Our study using Wistar rats revealed that after 14 days of intraperitoneal 
injection of L-deprenyl no increase in scavenger enzymes activities could be detected 
in the cerebellum, cortex, thalamus, striatum and hippocampus. The observed 
protection against hypoxic-ischemic damage in the striatum and thalamus by L
deprenyl can, therefore, not be explained by beneficial effects of L-deprenyl on the 
scavenger enzymes activities. This absence of increased scavenger enzyme activities 
might be explained by the different route and/or the duration of administration, or the 
used rat strain. The scavenger enzyme activities in the control rats, however, did not 
differ much from those reported by others32•49• In the Substantia Nigra L-deprenyl 
reduced significantly the hypoxidischemic damage compared to both the control and 
the lazabemide treated rats. Therefore the protection in the Substantia Nigra seems 
not MAO-B mediated and might indeed be explained by effects of L-deprenyl on 
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scavenger enzymes. This neuroprotective action of L-deprenyl on the Substantia 
Nigra is not limited to periods of oxygen shortage, but also reported after numerous 
other toxic interventions and diseases 1 2,24,JJ,J4,4J,s2,sJ,ss,60,6J,64,66. 

In the whole forebrain, the striatum and the thalamus no significant 
differences could be detected between lazabemide and L-deprenyl treated rats, while 
L-deprenyl significantly reduced the damage compared to the saline treated rats. The 
observed protection in these regions can be explained by the shared MAO-B effects 
of both L-deprenyl and lazabemide. Extracellular dopamine levels rise dramatically 
after hypoxia/ischemia1 6

•
22

• However, the blockade by MAO-inhibitors prevent the 
post-ischemic monoamino oxidase-mediated increase in dopamine catabolism and 
the concurrent production of the potentially neurotoxic molecule, hydrogen 
peroxide56

• Hydrogen peroxide, in turn, can give rise to the formation of hydroxyl 
radicals59 and other reactive species1 8  which may lead to tissue damage. So, MAO-B 
(present in all brain areas54) mediated protection diminished the additional oxidant 
stress associated with increased dopamine catabolism after hypoxia/ischemia. This 
important role of dopamine in hypoxidischemic damage is also shown in rats in 
which dopamine depletion ameliorated ischemia induced damage3•23•40 

L-deprenyl (Selegiline) protects animal brains not only against oxygen 
shortage38•

58 but also against toxic substances such as 1 -methyl- 1 ,2,3,6-
tetrahydropyridine (MPTP)1 2

•
60•64 and 6-hydroxydopamine (6-0HDA). Increased live

span was one of the other beneficial characteristics of L-deprenyl 29•31•32
• That L

deprenyl suppresses oxidant stress associated with increased dopamine turnover is 
also postulated in Parkinson's disease13• 1 4. In Parkinson's disease the homovanillic 
acid/dopamine ratio, generally taken as an index of dopamine turnover, is elevated27 

and this increased ratio induces a rise in oxidised glutathione disulfide, which is 
suppressed by L-deprenyl administration 1 4 • 

So, in conclusion L-deprenyl reduced damage after experimental 
hypoxia/ischemia mainly by a MAO-B dependent mechanism, although other 
protective mechanisms2

•5-'
0• 1 9  in the Substantia Nigra can not be excluded. 

Table 4 The amount of reduced glutathione in ng per mg protein in several brain after 
treatment with saline, 2mglkg or 10 mg/kg L-deprenyl. Data are expressed as averages ± 
S.E. M  . .  ----------------------------

Brain area 
Hippocampus 

Striatum 
Cortex 

Thalamus 
Cerebellum 

Saline 
1 588.8 ± 93.5 

2242.9 ± 303.7 
1 892.5 ± 30.4 

2032.7 ± 1 1 6.8 
2242.9 ± 231 .3 

2 mg/kg Deprenyl 
1 587.0 ± 257.0 
1 939.3 ± 233.6 
1 728.9 ± 1 89.3 
2 196.3 ± 2 10.3 
2488.3 ± 292. 1 

10 mg/kg Deprenyl 
1 764.0 ± 2 10.3 
2476.6 ± 1 86.9 
2032.7 ± 238.3 
1 939.3 ±1 1 6.9  
2271 .0 ± 93.5 

1 35 
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Ebselen, a synthetic selenium-containing compound which exhibits 
glutathione peroxidase-like activity in vivo, is known for its beneficial effects on 
inflammation and tissue injury. Experiments were conducted to test whether ebselen 
dissolved in DiMethylSulfOxide (DMSO) could prevent damage in a rat model for 
transient unilateral hypoxia/ischemia. Results indicate that ebselen dissolved in 
DMSO reduced damage in the caudate putamen, the thalamus and the cortex 
compared to the saline controls. The average damage in the Caudate putamen was 
also significantly lower in the ebselen group when compared to the DMSO treated 
rats. Total brain damage in the ebselen group was decreased by 76%. DMSO alone 
did not reduce damage significantly in any of the analysed areas. Some protective 
effects of ebselen, however, may be due to the solvent DMSO. In the caudate 
putamen ebselen alone was responsible for the observed protection. This protective 
effect of ebselen might be explained by its actions as a glutathione peroxidase mimic. 



Ebselen (PZ-5 1) protects 

INTRODUCTION 

Endogenous metabolic detoxification of reactive oxygen species is 
accomplished by non-enzymatic free radical scavengers (i.e. Vitamin E) and 
enzymatic free radical scavengers (i.e. superoxide dismutase SOD, catalase and 
glutathione peroxidase). The enzymatic radical scavengers are upregulated during 
increased demand and thus offer an inducible scavenging capacity 1 8

• Several reports 
showed that especially in the CA 1 area of the hippocampus shortly after 
hypoxia/ischemia radical scavengers were upregulated 1 8•26•2 7  and were thus able to 
decrease the vulnerability of CA 1 pyramidal cells. Others showed that administration 
of SOD, which converts superoxide radicals to hydrogen peroxide, protects animals 
against ischemia41

• Transgenic mice with an increased SOD expression were also 
more resistant against neuronal damage3• 15•22

• For optimal protection against 
superoxide radicals the reaction-product of SOD, hydrogen peroxide must be 
effectively removed. Large amounts of hydrogen peroxide are formed after 
hypoxia/ischemia37

•
45 • When, hydrogen peroxide reacts with iron it gives rise to the 

even more toxic hydroxyl radical8• 1 1
•1 3 _ Elimination of hydrogen peroxide is therefore 

also obligatory. The enzymatic radical scavengers catalase and glutathione 
peroxidase 18  can remove the hydrogen peroxide. Although the neuroprotective 
properties of catalase after hypoxia/ischemia41 have been studied and proved to be 
effective, not much is known about the role of glutathione peroxidase after an 
ischemic challenge. 

Ebselen (PZ-51 or 2-phenyl-1,2-benzoisoelenazole-3(2H)-one) is a synthetic 
seleno-organic compound with glutathione peroxidase like activity28•29•3 1 •36•44. Ebselen 
is a relatively smal I molecule and therefore easier accessible for substrates then 
glutathione peroxidase. It has a larger substrate range and also access to other thiols 
than glutathione. Furthermore ebselen can not only detoxify hydrogen peroxide but 
also the organic-, phospholipid- and cholesterol-hydroperoxides32

• Tissue protection 
by ebselen was found in several models. For instance liver intoxication, hemorragic 
pancreatititis, cerebral vasospasm and oedema improved after treatment with 
ebselen 14•3 8

• However, little is known about the neuroprotective capacity of ebselen 
after hypoxia/ischemia. The aim of the present study is to uncover the 
neuroprotective capacities of ebselen in a rat transient hypoxia/ischemia stroke 
model. 
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MATERIALS AND METHODS 

Design: 
Three experimental groups were used to test the potential protective effects of 

ebselen and DiMethylSulfOxide (DMSO), which was primari ly used as a solvent to ascertain 
a qu ick systemic availabi l i ty of ebselen after i .p. administration. The rats in the different 
groups were treated 45 min .  before the hypoxia/ischemia either with: I ) 0,9 % sal ine (0,3 
m l/kg; n = 7) or 1 1 )  DMS0,(0,3 ml/kg; n = 4) or I l l) Ebselen (or PZ 5 1  was a kind gift from 
Rhone-Poulenc Rorer; 8 mg/kg; n = 8) which was dissolved in DMSO (0,3 m l/kg). Hereafter, 
the ebselen/DMSO combination wi l l  be referred to as ebselen. 

Animal treatment and tissue preparation: 
Male Wistar rats wei ghing 250-350 g with free access lo food and water were 

i nd iv idual ly housed before surgery. The transient hypoxia/ischemia procedure was described 
previously 1 1

. In pentobarbital (SO mg/kg; ip) anaesthetised rats the left femoral artery was 
exposed and inserted with a polyethylene catheter for continuous blood pressure recording. 
The left carotid artery was exposed and the rats were i ntubated and connected to an infant 
breathing venti lator. After a stabi l isation period of m in imal 1 0  minutes of normoxia (30% 
0/70% N20), ischemia was i nduced by uni lateral clipping of the carotid artery and 
decreasing of the oxygen content to 1 0% 02 for 20 min .  Subsequently, the c l ip was removed 
and rats were kept on the vent i lator for another 1 0  min .  of normoxia. After 5, 20 and 35 
m inutes blood samples were taken from the femoral artery for analysis of  pH, pC02 and p02• 
The rectal temperature was monitored and maintained at 36 ± 0.5 °C during the whole 
procedure by means of a heating pad and an incandescent lamp. Animals were 24 hr  after 
surgery anaesthetised with pentobarbita l (SO mg/kg; i .p.) and transcard ial ly perfused with 50 
m l  of 0.9% sod ium ch loride and 400 ml of 4 % paraformaldehyde in 0. 1 0  M Borate buffer 
(pH - 9.5) 1 6

• The brains were removed, postfixed for 24 hr and dehydrated . On a cryostat 
microtome sections of 35 µm were cut. Sections used for the mod ified Gal lyas si lver 
impregnation procedure were kept in a solution of 4 % paraformaldehyde in 0. 1 M 
phosphate buffer (pH = 7.4) before stain ing. 

Silver staining: 
The si lver i mpregnation procedure used has proven to be a very rel iable marker for 

damaged cel ls 1 7•39• 

Perfusion MRI: 

144 

Bolus track magnetic resonance i maging (MRl) 11 was done 5 min .  after induction of 
reperfusion in order to assess the brain perfusion status at this stage in both control (n = 3) 
and Ebselen-treated animals (n = 3). Bol us track MRI was performed on a 4 .7  T S ISCO 
200/400 horizontal bore spectrometer42

• For the hypoxia/ischemia procedure see above. 
During the MRI experiments the arterial b lood pressure, the exhaled COrconcentration and 
the rectal temperature were cont inuously mon itored. S ixty consecutive grad ient-echo images 
of a coronal sl ice (9.2 mm distance from the interauriculair ( i .a.) l i ne) were acquired with a 
t ime resol ution of 0.7 s in order to track the passage of an intravenously injected bolus of the 
MR contrast agent Gd DTPA (0. 5  mmol/kg). Contrast agent-i nduced signal intensity changes 
were converted i nto L'l-R2' -time p lots on a pixel-by-pixel basis which were fitted to a y-variate 
function enabl ing calculation of the bolus peak time which provides di rect information on 
local cerebrovascular transit times33

•
42

, 
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Data analysis and statistics: 
Animals with a bloodpressure drop of less then 65% were excluded from the data 

analysis. This exclusion criterion was used because it proved to reduce the variab i l ity i n  this 
model considerably 1 7• 1 9• Investigators were during surgery and analysis of the histology 
bl inded to the procedure. Due to the area and section dependent protection of the 
(pharmacological) treatments, sections at 9 .2, 7 .7, 6 .7  and 5.2 mm distance from the i .a. l i ne 
were analysed using bright or dark field microscopy. Furthermore, special attention was given 
to the total damage and damage in the fol lowing structures: the caudate putamen, the 
hippocampus, the cortex and the thalamus. Camera lucida drawings were made and the 
percentage average damaged area was determined by dividing the total s i lver sta ined area in 
the affected structure by the total area of the structure. Data (Mean ± S.E.M.)  were analysed 
using MANOVA and the student t-test corrected for multiple comparisons. Significance was 
taken at p < 0.05. 

RESULTS 

None of the experimental animals had to be removed from the results 

because all animals exhibited a bloodpressure drop of more than 65 % during 

hypoxia/ischemia. 

8/oodgasses: 

In table 1 are listed the plasma pH, pO2 and pCO2 before, during and after 

hypoxia/ischemia. Little difference can be seen between the pH val ues, a l though in 

the DMSO and the ebselen group the pH val ues were significantly lower when 

compared to both the pre-ischemic values and the post-ischemic value in the saline 

treated rats. The pO2 and the pCO2 were only significantly different between the 

control and ebselen group during ischemia. The saturation (not shown) was not 

different between the experimental groups. 

Total Damage: 

Ebselen reduced the total averaged damage s ignificantly 

(F1 , 1 3 - 6,87;p = 0.02 1 )  in the four analysed sections compared to the controls (figure 

l A) .  H owever, on average no significant difference in silver stained area cou l d  be 

seen between the DMSO and the saline or the ebselen treated groups. 

In control animals the dorsal lateral parts of the cortex, the thalamus and the 

caudate putamen were consistently damaged (Figure 2). The percentage s i l ver stained 

area in the controls was highest in the caudate putamen (50.6% ± 8.5)  while the 

cortex had the smal lest (22. 9% ± 12.5) affected area. The thalamus and the 

hippocampus displayed intermediate damage sizes which where respectively 35.4% 

± 8.0 and 34.6% ± 10.7. In a l l  experimental groups the caudal levels were less 
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TABLE 1 Bloodgasses and pH before, during and after hypoxialischemia. 
NACL ( N=8) DMSO (N=4) EBSELEN (N=7) 

pH before ischemia 7.46 ± 0.02 7.52 ± 0.02 7.45 ± 0.02 
during ischemia 7.48 ± 0.02 7.46 ± 0.01 7.41 ± 0.02 
after ischemia 7.48 ± 0.03 7.39.± 0.02 7.36.± 0.02 

pO2 (kPa) before ischemia 4 . 17  ± 0.26 3.54 ± 0.45 3.85 ± 0.20 
during ischemia 3.55 ± 0 . 18  3.05 ± 0.51 2.85.± 0. 1 6  
after ischemia 3.51 ± 0. 1 7  3.30 ± 0.31 3.43 ± 0. 1 7  

pCO2 (kPa) before ischemia 16.39 ± 0.78 16.49 ± 1 .02 1 6.26 ± 0.68 
during ischemia 3.96 ± 0. 1 7  4.42 ± 0.31 4.98.± 0. 1 0  
after ischemia 16.22 ± 0.65 1 7.52 ± 0.65 1 6.01 ± 0.67 

Data are expressed as averages ± S.E.M . .  (: p< 0.05) 

affected than the more rostral levels (F3,48 = 3.58;p = 0.02). Because the amount of 
affected tissue was dependent on the analysed area the values for the average 
damaged area were determined in the hippocampus, the thalamus, the cortex (not 
shown) and the caudate putamen (figure 2B).  

Hippocampus: 
Especially the CA 1 area of the hippocampus was affected by the 

hypoxia/ischemia. The average total hippocampal damage did not show any 
significant reduction in either the ebselen (18.1 ± 4.7) or the DMSO (16.3 ± 2.8) 
treated animals 
compared to the saline treated rats (34.6 ± 10.7). 

Thalamus: 

Cortex: 

1 46  

Controls exhibited a damaged thalamic area of  35.4 % ( ±  8.0) and 
particularly the dorsolateral area and the reticulair thalamic nuclei were affected. The 
total average damage in the thalamus was compared to saline treated rats significantly 
reduced by the ebselen treatment (to 12.7 ± 3.8; F 1 _ 1 3 = 7.16,p -0.019). However, no 
difference in the affected thalamic area could be seen between the DMSO (21.6 
± 11 .7) and the saline or ebselen treated groups. 

The mean total damage in the control cortex (22.9 % ± 1 2 .5) was 
significantly higher than in the ebselen treated rats (0.3 % ± 0.3, p < 0.05). The 
percentage damage decrease in the ebselen treated rats was approximately 99% 
when compared to saline treatments. However, no s ignificant differences were found 
in the cortex between the DMSO (0. 1 % ± 0. 1) and the saline or ebselen treated rats. 
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Figure 1: Bar graphs indicate the average level of silver stained forebrain (A) and Caudate 
putamen (BJ in the different groups. (Data are expressed as averages ± S.E. M. . The symbols • 

and # indicate a significant difference with respectively the control and the DMSO group) 

Caudate putamen: 
The average damage in the caudate putamen was significantly (F 1 _0 - 8.2, 

p = 0.013) reduced from 50.6% ± 8.5 in the control group to 23.7% ± 5.3 in the 
ebselen treated rats (fig 18). This decrease was most significant at 9.2 mm (p < 0.05) 
and 6.7 mm (p < 0.01) from i.a .. The average silver stained area in the ebselen treated 
rats was also significantly decreased (F 1 , 10 - 7.89, p =0.019) by approximately 55 % 
compared to the DMSO treated rats. This reduction in damage between both groups 
was especially evident at 5.2 mm, 6.7 mm and 7.7 mm from i.a. (all p < 0.05). No 
significant differences at any of the levels studied were found between the DMSO 
and the sal ine treated groups. 

Table 2 Differences in Bolus peak times between the cortex and the caudate putamen 
(delta-t-peak) �-------

1
---
PS_I

_
LA
_T_E __ 

RA 
__ L ___ C_O_N_TRA_LA ___ T __ E_RA_L_ 

MRI-Perfusion: 

Control 
Ebselen 

0. 1 5  ± 0.29 s 0.39 ± 0. 1 9  s 
0.59 ± 0.53 s 0. 1 3  ± 0.09 s 

Bolus-peak-times were determined to ascertain  whether or not ebselen 
treatment did have an effect on cerebral blood flow in the cortex or caudate 
putamen .  Because the bolus-peak-time is dependent on a number of factors such as 
infusion-speed or physiological condition of the an imal we looked at the differences 
within one animal between the cortical and the caudate putamen bolus-peak times 
(delta-t-peak) (table 2). Bolus-peak-time was usually between 5 and 6 seconds. 
However, the delta-t-peak did not differ (significantly from zero) in controls and 
ebselen treated rats (in both the ipsilateral and contralateral sides). So bolus-peak-
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Controls 

Sahn e  DMSO Ebselen 

Figure 2 Photographs show silver stained sections from rats treated with saline, DMSO or 
DMSO/Ebselen. These pictures clearly indicate that DMSO alone has a protective effect in 
the cortex, while additional treatment with ebselen resulted in a reduction of silver stained 
area in the caudate putamen. 

times between the cortex and the caudate putamen in each group did not show any 
alteration. Also comparisons of the delta-t-peak between ipsilateral or contralateral 
sides and between control or ebselen treated rats did not indicate any difference. 
Therefore it can be concluded that bolus-peak-times in the cortex and the caudate 
putamen did not show any discrepancy between groups (ebselen versus control) and 
between sides (ipsilateral versus contralateral). 

DISCUSSION 

Ebselen treatment reduced the damage significantly in the thalamus, the 
cortex, the caudate putamen and the total brain compared to damage in the saline 
treated animals. However, only in the caudate putamen the damage of the ebselen 
treated animals was also significantly lower than in the DMSO treated rats. We 
discuss the influence of bloodgasses, DMSO or ebselen on damage outcome. The 
protective actions of ebselen in relation to hydrogen peroxide production are also 
analysed. 

8/oodgasses: 
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The peripheral blood pO2 and pCO2 differences during ischemia between the 
saline and ebselen treated groups and the blood pH differences after ischemia 
between the saline treated rats and the other two groups, are small and can not 
explain the area-related differences in damage reduction found. Furthermore, the 



Ebselen (PZ-5 1) protects 

bloodgas values offer no explanation for the large damage reduction in the caudate 
putamen by ebselen treatment compared to the DMSO treatment, because they were 
not significantly different between the groups at any stage of the procedure. 

To ascertain a quick systemic availability of ebselen it was dissolved in 
DMSO and administrated intraperitoneally. DMSO penetrates membranes and passes 
the blood brain barrier rendering this barrier temporarily more accessible for small 
substances 1 . It is therefore likely that also ebselen is readily available in blood plasma 
and brain. Especially when one considers that after oral administration of ebselen 
plasma levels increased as soon as 30 minutes after administration14. That ebselen 
after i.p. administration did indeed reach the brain can be concluded from the 
structure dependent protection we observed. However, further studies should 
elucidate the exact time and the dosage window. Studies about the possible 
protective effects of DMSO after an experimentally induced hypoxia/ischemia were 
conflicting2•2 1

,
is

·
40

, however; our investigation indicated that DMSO alone has a 
beneficial effect on damage outcome. The total affected area in the DMSO-group 
was, for instance, significantly reduced at 5.2 mm from i.a. when compared to the 
saline group. And although the reduction of damage in the cortical area by DMSO 
was not significant, it seems likely that part of the protection by the combined 
administration of ebselen and DMSO could be attributed to DMSO. This DMSO 
mediated protection could involve hemodynamic, anti-inflammatory, anti-oedematic, 
hydroxyl radical scavenging and anti-coagulating effects5

•
23

• However, the 
ineffectiveness of DMSO to reduce damage in other brain areas such as the caudate 
putamen suggest an area dependent protective effect. 

Ebse/en: 
The selective protective effects of ebselen on hypoxia/ischemia induced 

damage in the caudate putamen compared to both the saline and DMSO groups was 
one of the most striking results. This brain-structure-dependent protection indicated 
that ebselen intervenes with harmful mechanisms that occurring specifically in the 
Caudate putamen. It is conceivable that this specific mechanism involves the increase 
of extracellular dopamine in the caudate putamen induced by hypoxia/ischemia4

, 

which subsequently generates excessive amounts of hydrogen peroxide37
'
45

• This 
hydrogen peroxide derives from a reaction in which dopamine is catabolised by 
monoaminoxidase37

•
4

;. Blockade of this catabolic pathway with either Deprenyl or 
lazabemide, both selective MAO-B inhibitors7

•
24

•
34

, gave a substantial neuroprotection 
in the stria tum 1 7

• Ebselen was also protective in this brain area probably because of its 
glutathione-peroxidase-like activity, which detoxified the hydrogen peroxide formed 
in the caudate putamen after hypoxia/ischemia. Thus the common point of 
intervention for both the MAO-B inhibitors37 and ebselen maybe the reduction of the 
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hydrogen peroxide levels in the striatum. This idea was strengthened by the fact that 
the damage reductions observed after treatment with ebselen or L-deprenyl 17 were 
comparable. Taken together both treatments prevented, by differen t  pathways, the 
(indirect) induction of damage by H202 • 

Although hydrogen peroxide can not induce damage directly, its quick 
removal is essential. This intermediate compound has the ability to generate toxic 
hydroxyl radical s  in the presence of high concentrations of iron (Fenton reaction)8 • 

After hypoxia/ischemia iron and hydrogen peroxide are both abundant in the caudate 
putamen and form an ideal environment for the generation of hydroxyl radicals1 3•37

• 

The present findings show that the reduction of hydrogen peroxide generation and/or 
increased detoxification are more effective neuroprotective mechanisms then 
therapies aimed at the inactivation of hydroxyl radicals. DMSO is such a hydroxyl 
radical scavengers, but it could not prevent the striatal damage after 
hypoxia/ischemia. 

The formation of these hydroxyl radicals  after neurotrauma and their ability 
to induce damage were reported1 1 •1 2 •  Recently, others a lso described the 
neuroprotective effects of ebselen in a rat MCA model .  In this study, it was also 
concluded that in the brain ebselen functioned as a glutathione peroxidase mimic6 to 
prevent the formation of the toxic hydroxyl radicals  from hydrogen peroxide. 

Ebselen, which can be used in humans, has a lso other characteristics which 
might be of influence in the reduction of the overal l damage after hypoxia/ischemia. 
These involve the inhibitory actions on NADPH-oxidase43, lipoxygenase20•35 and 
i nflammation9· '

0
·
30·ll

. These actions of ebselen, however, can not explain the regional 
protection that was found in the caudate putamen. Because protection induced by 
ebselen by any of these al ternative pathways would presumably lead to damage 
reduction in the whole brain. Our results indicate also that regional protection in the 
caudate putamen by ebselen/DMSO treatment can not be explained by effects this 
chemical might have on cerebral blood flow. Since no differences could be detected 
in bolus-peak-times in the cortex or the striatum in and between treated groups. 
Another clue that cerebral blood flow was normalised shortly after reperfusion was 
the observation that contra- and ipsilateral bolus-peak-times were comparable 
(independent of  treatment received). 

In Conclusion: ebselen treatment immediately before an experimental 
hypoxia/ischemia reduced damage in the Caudate putamen significantly; indicating a 
role of this g lutathione peroxidase mimic in preventing hydrogen peroxide induced 
damage. 
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SUMMARY 

1 56 

Several reports suggest that the activity of the Hypothalamo-Pituitary
Adrenal axis (HPA-axis) is increased following hypoxia/ischemia and that this might 
be associated with increased neuronal vulnerability. The main goal of th is study was 
to examine the effects of down-regulation of the HPA-axis on the hypoxia/ischemia 
induced 1) rise of plasma corticosterone levels, 2) seizures, and 3) brain damage. 
Down-regulation of the HPA-axis was induced by prolonged corticosterone 
treatment lasting until 24 hours before hypoxia/ischemia exposure. When compared 
to eight days vehicle (sesame oil) treated animals (CONT), eight days daily 
corticosterone (40 mg/animal) treated animals (CORT) showed significantly reduced 
adrenal- and thymus weight. Shortly after hypoxia/ischemia plasma corticosterone 
levels in CORT animals were significantly reduced (17.30 µg/dl ± 3.50) when 
compared to CONT animals (54.80 µg/dl ± 7.78). This correlated with the brain 
damage which is expressed as the ratio between the damaged area and the total 
area. The total brain damage was significantly less in CORT treated animals (28% ± 
1 1 ) than in CONT animals (69% ± 2). Fol lowing hypoxia/ischemia the number of 
seizures was significantly reduced in CORT animals (56 ± 26) when compared to 
CONT animals (2 1 7  ± 50). We conclude that prolonged corticosterone treatment 
resulting in down-regulation of the HPA-axis leads to 1) lower plasma corticosterone 
levels during hypoxia/ischemia, 2) a reduction in brain damage following 
hypoxia/ischemia, and 3) less hypoxia/ischemia induced seizures. 
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INTRODUCTION 

The core endocrine reaction to stress is activation of the hypothalamo
pituitary-adrenal axis (HPA-axis) resulting in glucocorticoid release from the adrenal 
cortex. Increased activity of the HPA-axis is often found following stroke resulting in 
increased release of cortisol from the adrenals 26•27

• Several reports suggest that 
hypercortisolism in stroke patients is associated with cognitive disturbances, 
extensive motor impairment, negative effects on organ functioning, poorer neuronal 
outcome, greater mortality and disability 5A1

• 
Complications following stroke include seizures and endocrine 

abnormalities. In humans the frequency of seizures following stroke varies from 4.4 
% to 1 7% and early seizures are associated with a significant risk of seizure 
recurrence 11•19•28• Elevations in serum and plasma cortisol levels are found following 
epileptic seizures and it has been reported that these elevations may be a predictive 
indicator of prognosis in status epilepticus 1 ,3.4,1 0,3 1

• 
Animal studies suggest that prolonged exposure to excess glucocorticoids 

has deleterious consequences for the hippocampus. Atrophy of dendrites and 
neuron loss have been reported following corticosterone treatment 33A5 _ Both in vitro 
and in vivo, in the presence of glucocorticoids hippocampal neurons become more 
vulnerable to ischemia24•32, hypoglycaemia 42•43, antimetabolite exposure 2 2•29 and 
exposure to various neurotoxins 1 4•37] These animal studies support the clinical 
observations that high levels of plasma glucocorticoids during and following stroke 
or epileptic seizures exacerbate neuronal damage. Excessive Ca2+ influx, glutamate 
and generation of free radicals have been implicated in the glucocorticoid increased 
neuronal vulnerability following a variety of neurological insults 7•22 • 

Glucocorticoids readily cross the blood-brain-barrier and bind to 
intracellular receptors in the brain. As a hormone-receptor complex they exert both 
genomic and non-genomic effects. Two receptor types have been described 6

• The 
mineralocorticoid receptor (MR) has a high affinity for corticosterone (Kd»0.5 nM) 
resulting in occupancy when basal corticosterone levels are low. The glucocorticoid 
receptor (GR) has a ten-fold lower affinity for corticosterone (Kd»S.0 nM) resulting in 
occupancy when plasma corticosterone levels are high e.g. during 
hypoxia/ischemia. Occupancy of the GR has been implicated in the glucocorticoid 
increased neuronal vulnerability 7•1 2•2 1 •23•29

• 
In the present study we investigated the effects of down-regulation of the 

HPA-axis on brain damage and the development of seizures following 
hypoxia/ischemia. Therefore animals were injected during eight days with high 
dosages of corticosterone ( 1 0 mg/animal). Similar procedures have been shown to 
reduce synthesis of vasopressin (AVP) and corticotrophin releasing hormone (CRH) 
in the paraventricular nucleus of the hypothalamus (PVN), to cause atrophy of the 
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adrenal gland and to decrease numbers of GR (and thus, decreased target tissue 

sensitivity to glucocorticoids) 2•9•1 3• 15•1 6•34'35•36• Twenty four  hours fol lowing the last 

i njection with corticosterone the hypoxia/ischemia procedure was performed. At 

that t ime plasma corticosterone levels have returned to basal levels 1 2•3 1 , but the sti l l  

existing down-regulation 9 causes reduced release of corticosterone during stress and 

less neuronal sensitivity to glucocorticoids at the t ime of an insult. Thus, in the 

present study, we hypothesised that prior down-regu lation of elements of the HPA

axis wou ld be associated with decreased neurological damage following 

hypox i a/i schem i a. 

MATERIALS AND METHODS 

Animals: 
The experiments were approved by the committee on Animal Bio-Ethics of the 

University of Gron ingen. Male Wistar rats (250-300 g) were housed individual ly  at a Light
Dark regime (1/D: 8.00h/20.00h) and fed ad l ibitum. Experiments were performed between 
8.00 and 1 3.00 hours when basal plasma corticosterone levels were low. From twelve Male 
Wistar rats four animals received daily injections with sesame o i l  (0.25 ml) during eight days 
(CONT). Eight an imals received dai ly injections with corticosterone (40 mg/kg) during eight 
days (CORT). Twenty four hours following the last injection the animals were subjected to 
the ischemia/hypoxia procedure. 

Hypoxiallschemia and blood sampling: 
Animals were anaesthetised using halothane (0.9%). The left arteria femoral is was 

cannulated for continuous bloodpressure monitoring during the normoxia and 
hypoxia/ischemia periods (Hewlett Packard Pressure transducer, Boeblingen, Germany). The 
hypoxia/ischemia procedure was described previously 20• Animals were intubated and 
subsequently venti lated (Infant venti lator MK2, Loosco, Amsterdam, The Netherlands) for ten 
minutes with 30% 02 and 70% N2O (first normoxia period), for twenty minutes with 1 0% 
02 and 90% N2O (hypoxia) and for ten minutes with 30% 02 and 70% N2O (second 
normoxia period). During the hypoxia period the left arteria carotis was occluded (ischemia). 
Rectal temperature was maintained between 36.0 and 37.0 °C during surgery with an 
incandescent lamp and a heating pad. B lood gases (pOz, pCO2), pH, [HCO3·] and saturation 
were measured during the normoxia periods and hypoxia. During the second normoxia 
period blood samples were taken to measure corticosterone levels. To determine plasma 
corticosterone levels the blood samples were immediately transferred to centrifuge tubes 
containing 1 0  ml heparin solution (500 U/ml) and centrifuged for 20 minutes at 3,500g. The 
supernatant, stored at -20 °C was used for the corticosterone assay. 

Perfusion and Histology: 
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Six hours fol lowing hypoxia/ischemia the animals were perfused. Prior to 
transcardial perfusion rats were deeply anaesthetised with sodium pentobarbital (50 mg/kg 
i.p.) and perfused with 0.9% sal ine for 1 minute, fol lowed by 4% paraformaldehyde (PF) in 
0. 1 M phosphate-buffered sal ine (PBS, pH 7.4) for ten minutes. Brains were removed from 
the skul l  and post-fixed in 4% PF. Brains were cryoprotected by overnight storage in 30% 
sucrose in 0. 1 M phosphate buffer (PB, pH 7.4), cut to 30-µm-thick coronal sections at -1 5  
°C using a cryostat microtome, and col lected in PF. The silver i mpregnation method was 
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performed on free floating sections as described below, a l l  steps being identical and run 
simultaneously for all animals. The adrenals and thymuses were isolated and weighted to 
have an extra indication of the efficiency of the corticosterone treatment. 

The modified Gal lyas si lver impregnation procedure of Nadler and Evenson 
(1 983), which labels degenerating cel lbodies and their processes, was employed. In brief, 
sections were rinsed 3 x 5 minutes in distil led water, pre-treated 5 x 5 minutes in  4.5% 
NaOH and 0.6% N H4NO3, and impregnated for 10 minutes in  5.4% NaOH, 6.4% N H4NO3 
and 0.3% AgNO3• Following this step sections were rinsed 3 x 5 minutes in 0.5% Na2CO3 
and 0.0 1 2% N H4NO3 in 30% ethanol. Next, sections were developed in 0.057% citric acid, 
0.55% formal in,  9.6% ethanol, 2.7% NaOH and 0.0006% NH4NO3• Sections were fixed for 
4 minutes in 3 7.5% Na2S2O3 .5H20 and rinsed 3 x 5 minutes in disti l led water. After staining, 
the sections were mounted on gelatin-chrom-alu in-coated sl ides, air dried, dehydrated in 
graded ethanols and xylol, and coversl ipped with DEPEX (BDH). For detai ls of this 
procedure see Ter Horst et al . ,  1 995 40• 

Corticosterone assay: 

Seizures: 

Corticosterone was extracted from 75 µL plasma using a l iquid extraction method. 
Quantification of plasma corticosterone was performed by h igh-pressure l iquid 
chromatography in combination with u ltraviolet detection. The absolute detection threshold 
for corticosterone in plasma was 8 ng/ml. 

Animal behaviour after hypoxia/ischemia was recorded on Video-fi lm during six 
hours. The number of visible seizures per animal was scored, from immediately after the 
surgery until perfusion/fixation of the animals. The experimentator was b l inded to animal 
treatment during analysis. We calculated the number of seizures per 1 5  minutes. The mean 
number of seizures and standard error of the mean was calculated. Additionally the average 
of the total number of seizures during the 6 hours period for the two groups was calculated. 

Histology: 
During surgery and analysis of the histology the investigators were bl inded to the 

procedures. In  frontal sections of the entire brain damage at 5 levels (I.A. 4.2, 5 .7, 6 .7, 7.7, 
and 9.2, accord ing to Paxinos and Watson, 1 982) was determined using l ight microscopy. 
Camera l ucida drawings of the si lver stain ing in the side ipsi-lateral to the clamped artery 
were made on mi Ii meter paper and used for damaged area size calculations 20• Damage was 
expressed as the ratio between the area si lver stained and the total area. The total damage 
throughout the brain was calculated over the five levels per animal and averaged per group. 
Data are expressed as Mean ± SEM. 

Data analysis and stastistics: 
Histology data, seizures, plasma corticosterone, adrenal weight and thymus weight 

were statistical ly evaluated using the (two-tailed) Student's T-test. Significance level was 
P < 0.05. 

RESULTS 

8/oodpressure temperature and blood gases: 
No significant changes in bloodpressure, rectal temperature and blood 
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Figure 1. Plasma corticosterone levels, adrenal weight and thymus weight in control 
(n=4) and corticosterone (n=B) treated animals. Blood samples to determine plasma 
corticosterone levels were taken immediately following the hypoxialischemia period. 
Eight days corticosterone treatment reduces plasma corticosterone levels during the 
second normoxia period (1A), reduces adrenal (1B) and thymus weight (1C) significantly 
when compared to control animals. "indicates significance level P<0.01, "indicates 
significance level P<0. 001. 

gases were observed at any time of the procedure between the CONT and CORT 
group (Table I). 

Plasma corticosterone, adrenal weight and thymus 
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Table I. pO2 (KPa), pCO2 (KPa), pH, Saturation (%, Sat), [HCO 1·] (mM/L), 
temperature (°C) and Mean Arterial Blood Pressure (MABP, mmHg) during 
normoxia and hypoxia/ischemia for the control (CONT) and corticosterone 
(CORT) treated group. No significant differences were found for any parameter 
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Table I. No differences in p02, pC02, pH, Saturation, Temperature, Mean Arterial Blood Pressure 
between the control group (n=4) and CORT group (n=B) were found during normoxia or 
hypoxia/ischemia. 

pO2 

pCO2 

pH 

HCO3• 

Sat 

Temp 

MABP 

Weight: 

1" normoxia Hypoxia 

CONT CORT CONT 

13.26 ± 1 .34 15. 15 ± 1 .44 4.27 ± 0. 10 

5.02 ± 0.72 4.60 ± 0.47 3.33 ± 0.27 

7.38 ± 0.05 7.41 ± 0.03 7.39 ± 0.03 

21 .73 ± 0.98 20.53 ± 1 .76 14.75 ± 0.81 

97.00 ± 0.93 97.64 ± 0.75 62.38 ± 2.18 

36.40 ± 0.20 36.39 ± 0 .14 36.45 ± 0.21 

93.30 ± 9. 10 94.40 ± 6.90 37.64 ± 3.21 

lschemia 

CORT 

5.25 ± 0.35 

3.80 ± 0.34 

7.39 ± 0.03 

16.89 ± 0.86 

72.96 ± 3.60 

36.61 ± 0. 11  

48.28 ± 5.07 

CONT 

13.82 ± 0.99 

5.23 ± 0.45 

7.21 ± 0.06 

15.45 ± 1.86 

96.90 ± 0.60 

36.75 ± 0.09 

2nd 

112.00 ± 2.49 

normoxia 

CORT 

13.83 ± 1 .94 

6.77 ± 1 .98 

7.34 ± 0.04 

18. 1 1  ± 1 .41  

96.63 ± 1.33 

36.79 ± 0. 15 

101.0 ± 3.4 

Eight days corticosterone administration (10 mg/day) reduced the 
magnitude of the corticosterone response as measured immediately following a 
period of 20 minutes hypoxia/ischemia (Fig.1A). Sustained corticosterone treatment 
additionally caused the adrenals (Fig. 1 B) and thymus (Fig. 1 C) to atrophy indicating 
the efficiency of the sustained corticosterone treatment. 

Seizures: 
Following the hypoxia/ischemia procedure a transient increase in seizures 

could be observed (Fig.2B). In control animals the seizures started about 90 minutes 
following hypoxia/ischemia. The number of seizures increased up to four hours 
following hypoxia/ischemia and then gradually decreased. Seizures in animals 
displaying lower plasma corticosterone levels immediately after hypoxia/ischemia 
(CORT group) started about 135 minutes following hypoxia/ischemia and transiently 
increased. However these animals exhibited less seizures than CONT rats over the 6 
hours. The total number of seizures during the period following hypoxia/ischemia in 
the CORT group (56 ± 26) was significantly lower when compared to the CONT 
group (217 ± 50, Fig.2A). 

Damage: 
Animals displaying low plasma corticosterone levels and few number of 

seizures show a significant reduction of brain damage following hypoxia/ischemia. 
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Figure 2. The total number of seizures per 15 minutes during the six hours following 
hypoxialischemia is significantly reduced in CORT pre-treated animals (Fig.2A). Fig.2B. 
shows the number of seizures per 15 minutes in the six hours following 
hypoxialischemia. In control animals (n=4) the number of seizures shows a transient 
increase and is maximal 4 hours following hypoxialischemia. The number of seizures is 
significantly reduced in the CORT (n=B) pre-treated animals when compared to control 
animals. "indicates significance level (P<0.05). 

the total damaged area at the ipsilateral side of CONT treated animals was 69. 1 7% 
± 2.29, whereas the damaged area at the ipsilateral side of CORT treated animals 
was 28.22% ± 10.97. 

DISCUSSION 

1 62 

The main findings of the present study are that 1) prolonged corticosterone 
pre-treatment reduces the rise in plasma corticosterone levels during 
hypoxia/ischemia, 2) the damage outcome following hypoxia/ischemia is reduced in 
these animals, 3) hypoxia/ischemia induces a transient increase in visible seizures, 
4) the number of seizures is reduced in the animals with lower plasma 
corti costerone levels during hypoxia/ischemia. 

It has previously been reported that elevated levels of glucocorticoids 
increase the neuronal vulnerability following hypoxia/ischemia24·u. This is supported 
by the present study in which we show that a reduced rise in plasma corticosterone 
levels during hypoxia/ischemia is associated with a reduced damage outcome 
following hypoxia/ischemia. This additionally suggests that corticosterone levels not 
only in the period following but also in the period during hypoxia/ischemia are 
important for the damage outcome following hypoxia/ischemia. 

Corticosteroids exert a negative feedback action upon the HPA-axis 
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Figure 3. Damage at five different levels and the total damage throughout the brain. 
Levels were I.A. (Intra-Aural) 4.2, 5. 7, 6. 7, 7. 7, 9. 2 (Paxinos and Watson, 1982). Both the 
damage at each of the five levels and the total damage throughout the brain is 
significantly reduced in the eight days corticosterone treated group (n=B) when compared 
to control (n=4) treated animals. "indicates significance level (P<0.05). 

resulting in reduced release of corticosterone from the adrenal gland. The 
paraventricular nucleus of the hypothalamus (PVN) is thought to play a central role 
in this action. In adrenalectomised rats vasopressin (AVP) and corticotropin-releasing 
hormone (CRH) immunoreactivity increase in the parvocellular PVN which can be 
restored by the glucocorticoid receptor (GR) agonist dexamethasone 2•9•15•16•34·J5

• AVP 
and CRH mRNA also increase after ADX, and dexamethasone prevents this increase. 
Dexamethasone appears to act directly on PVN neurons. Additionally, prolonged 
subcutaneous injections of corticosterone in intact animals significantly reduces the 
number of CRH receptors 13 • Implantation of corticosterone in the vicinity of the 
PVN inhibits the rise in plasma corticosterone during and following stress �. This 
indicates that high dosages corticosterone via the GR inhibit the synthesis of AVP 
and CRH and exert a negative feedback action on the HPA-axis activity. Down
regulation of the HPA-axis following sustained corticosterone treatment is in the 
present experiment demonstrated by the reduced magnitude of the corticosterone 
response following hypoxia/ischemia and atrophy of the adrenal gland whereas 
basal plasma corticosterone levels were not different between both groups since the 
last injection was given twenty four hours prior to hypoxia/ischemia 1 3

'
31

, Increased 
levels of Ca2+ are thought to play a role in neuronal damage following 
hypoxia/ischemia 5, and it is believed that an increased intracellular calcium level 
([Ca2 +],) plays a central role in the glucocorticoid increased neuronal vulnerability 7

• 

Several mechanisms have been suggested to explain the role of glucocorticoids in 
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amino acids 38
•39, inhibit excitatory amino acid uptake in cultured hippocampal 

neurons and glia 44
, both mechanisms presumably increasing intracellular [Ca2 +] 

levels 7
• Additionally corticosterone induced increases in calcium currents in vitro 

have been reported 1 7
•

18
• Furthermore elevated free radical activity might also play a 

role in the corticosterone increased neuronal vulnerability 22• All the above 
mentioned mechanisms may contribute to the corticosterone exacerbated 
vulnerability. 

The glucocorticoid receptor rather than the mineralocorticoid receptor has 
been implicated in the endangering effect of corticosterone 7• 1 2•21•23•29• The present 
results show that lower levels of plasma corticosterone during hypoxia/ischemia are 
associated with a reduced neuronal damage throughout the whole brain. The 
glucocorticoid receptor is distributed throughout the brain and the mineralocorticoid 
receptor is mainly localised in the hippocampus 6

• This difference in localisation 
supports the involvement of the glucocorticoid receptor rather than the 
mineralocorticoid receptor in corticosterone induced vulnerability of the brain. 
There is much evidence in the literature that sustained exposure to glucocorticoids 
would lead to decreased numbers of GR in the brain J&_ In addition to the above 
described explanation this could implicate that the protection of neuronal damage 
after sustained glucocorticoid exposure wou ld come from decreased target tissue 
sensitivity to the endangering effects of glucocorticoids. 

In humans it has been reported that the seizure frequency following stroke 
varies from 4.4% to 17%,  and that early seizures are a risk factor for seizure 
occurrence after stroke 11•19•28• We observed a transient increase of seizures following 
hypoxia/ischemia which was reduced in animals displaying low plasma 
corticosterone levels immediately following hypoxia/ischemia. This observation 
agrees with previous findings that cortisol levels proves to be an indicator of 
prognosis of status epilepticus 1 •3•4• 1 0•3 1 • 

At six hours following hypoxia/ischemia, when the seizures have almost 
disappeared considerable damage was present throughout the brain. Seizures can 
induce neuronal damage, but seizures can be the consequence of neuronal damage 
as well. Therefore it is difficult to conclude whether the seizures are a consequence 
or the cause of the brain damage. A comparison between seizure frequency and 
damage in time is necessary to answer this question. So in the animals in which the 
HPA-axis is down-regulated the number of seizures can be reduced because of a 
reduction of brain damage or conversely the reduced occurrence of seizures is 
directly related to low plasma corticosterone levels. Glutamate has been implicated 
in seizures and corticosterone is able to increase extracellular concentrations of 
glutamate 38•39• So reduced levels of plasma corticosterone may cause lower levels of 
extracellular glutamate during hypoxia/ischemia resulting in a reduction of seizures. 

In conclusion our data demonstrate that prolonged corticosterone 
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administration prior to hypoxia/ischemia induces down-regulation of the HPA-axis, 
resulting in a reduced plasma corticosterone response which is associated with a 
reduction in seizure frequency and brain damage following hypoxia/ischemia. 
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SUMMARY 
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The role of glucocorticoids in neuronal viability is controversial. Most studies 
into glucocorticoid effects on ischemic brain damage use surgical adrenalectomy to 
decrease the plasma corticosterone levels. In the present study we used metyrapone, a 
corticosterone synthesis inhibitor to reveal effects of acute manipulation of 
corticosterone levels on neuronal damage and seizures. Animals were, just before 
transient hypoxia/ischemia (modified levine-model), subcutaneously injected with 
sesame oil (CONT), metyrapone (MET, 150 mg/kg), corticosterone (CORT, 40 mg/kg) 
or corticosterone (40 mg/kg) + metyrapone ( 1 50 mg/kg; MET + CORT). High plasma 
corticosterone levels (59.9 µg/dl ± 2 .7) were found in CONT animals shortly after 
hypoxia/ischemia. CORT administration elevated the plasma corticosterone levels even 
more (72.7 µg/dl ± 4.8), while the MET and the MET + CORT treatment limited the 
rise in steroid levels to respectively 1 7.3 µg/dl ± 3.6 and 39.0 µg/dl ± 5.3. Both the 
neuronal damage and the percentage animals with seizures correlated well with 
corticosterone levels. For instance CORT treated rats exhibited more neuronal damage 
and seizures (resp. 65.8% ± 4.0 and 87.5%) than MET rats (resp. 26.3% ± 1 2.8 and 
0%), while CONT rats displayed intermediate numbers of seizures (42.9%) and 
damaged area (26.3 % ± 1 2.8). This relation between affected area, seizures and 
corticosterone levels was confirmed when the rats were divided into animals with and 
without seizures. However, Corticosterone administration in metyrapone treated rats 
did not result (compared to MET treatment) in an increased neuronal damage (25.7% ± 
13.4) and had also no effect on the percentage of animals with seizures (0%). This 
suggests that the beneficial effects of metyrapone may also be regulated by a 
corticosterone independent mechanism. 
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INTRODUCTION 

In the clinical treatment of acute central nervous system trauma glucocorticoids 
have been employed extensively. The rationale for the clinical use of glucocorticoids, 
which dates back to the 1960's, has been largely centred upon the expectation that 
glucocorticoids reduce the posttraumatic spinal cord and cerebral oedema 1 1 •  

Additionally, other clinical studies have shown that high-dose glucocorticoid treatment 
may attenuate the posttraumatic neuronal damage in the central nervous system. The 
mechanism of these high dose protective effects was not glucocorticoid receptor 
mediated and apparently involves an intrinsic ability of certain glucocorticoids, such as 
methylprednisolone (MP) to inhibit oxygen free radical-induced lipid peroxidation. 
Although, for instance, the neuroprotective properties of MP in spinal cord injury has 
been shown repeatedly, the beneficial effects of MP on brain injury, in clinical or 
animal experiment settings, are not clear8•10•27

'
28

• Furthermore, stroke-induced activation 
of the Hypothalamus-Pituitary-Adrenal-axis resulted in high corticosterone levels that 
appeared to be a risk factor for mortality and eventual disability6. These paradoxical 
effects of the glucocorticoids on neuronal viability in relation to other diseases such as 
psychiatric diseases have also been reported1 7• 

Animal experiments show that neuronal injury was potentiated by high levels 
of corticosterone after ischemia25

'
26

'
32 and ameliorated by the absence of this hormone. 

Glucocorticoids compromised also the capacity of neurons to survive a variety of other 
metabolic insults such as seizures1 •2-V,

23
•
25•29•3 1

'
32

• Seizures can induce neuronal damage1 9  

and are frequently associated with stroke9• 1 3
• The mechanism of  this deleterious effect of 

seizures on chronic and acute neuronal degeneration is thought to involve specific 
glucocorticoid receptors either located in susceptible nerve cells or the adjacent glial 
cells32•33

• 

Nearly all research on the influence of corticosterone levels on ischemic 
damage outcome was done in surgically adrenalectomised or in corticosterone 
suppleted animals25•26•31 •

32

• Our previous work in intact animals indicated that prolonged 

corticosterone pre-treatment affected the plasma corticosterone levels during 
hypoxia/ischemia. Corticosterone pre-treatment gave significantly reduced plasma 
corticosterone levels during hypoxia/ischemia and was associated with a decreased 
insult-frequency and brain damage15

• The aim of the present study is to influence the 
plasma corticosterone levels shortly before the induction of hypoxia/ischemia in intact 
animals and to investigate the effects of this acute manipulation on neuronal damage 
and seizures. To lower plasma corticosterone levels during hypoxia/ischemia and 
reperfusion we did not use surgical adrenalectomy but administrated metyrapone 
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i nstead. Metyrapone can inhibit corticosterone synthesis by blocking the enzyme 1 1 -B

hydroxylase29. To evaluate any other effects of metyrapone which are not 

corticosterone related one experimental group received both the metyrapone and 

corticosterone. 

MATERIALS AND METHODS 

Animal treatment: 
Male Wistar rats weigh ing 250-300 g with free access to food and water were 

individual ly housed at a L ight-Dark regime (1/D 8.00h/20.00h). Animals were randomly 
assigned to the four experimental groups: a) Control rats (CONT; n = 7) received a subcutane 
i njection with sesame oi l, b) E ight animals received an injection with corticosterone (CORT; 
40 mg/kg), c) Metyrapone (MET or 2-methyl-1 ,2-di-3-pyridi l-1 -propanone; 1 50 mg/kg) was 
administered to 6 rats and d) another eight rats received injections of both metyrapone and 
corticosterone (MET + CORT). Metyrapone and corticosterone were dissolved in sesame oil 
and subcutaneously administered respectively 4 and 1 hours before hypoxia/ischemia. 

Surgery and blood sampling: 
One week before the hypoxia/ischemia the jugular vein was cannu lated34• The 

hypoxia/ischemia procedure was described previously l4
•15• In pentobarbital (50 mg/kg; ip) 

anaesthetised rats the left femoral artery was exposed and inserted with a polyethylene 
catheter for continuous blood pressure recording. Thereafter, the left carotid artery was 
exposed and the rats were intubated and connected to an infant breathing venti lator. After a 
stabi l isation period of minimal 1 0  minutes of normoxia (30% 02170% N2O) ischemia was 
induced by uni lateral cl ipping of the carotid artery and decreasing of the oxygen content to 
1 0% 02 for 20 min .  Subsequently, the clip was removed and rats were kept on the ventilator 
for another 1 0  min of normoxia. The rectal temperature was monitored and maintained at 37  
± 0 . 5  °C during the whole procedure by  means of a heating pad and an  incandescent lamp. 
B lood samples for the determination of bloodglucose and corticosterone levels were taken 
five minutes after termination of the hypoxia/ischemia. The corticosterone blood samples 
were d i rectly transferred to tubes containing 1 0  m l heparin solution (500 U/ml). After 
centrifugati on for 20 min at 3,000g the supernatant was stored at -20°C. 

Perfusion: 
Animals were 24 hr after surgery anaesthetised with pentobarbital (50 mg/kg; i .p.) 

and transcardial ly perfused with 0.9% sod ium chloride for 1 minute, followed by 4 % 
paraformaldehyde i n  0. 1 M phosphate-buffered sal ine (pH = 7.4) for twenty minutes. The 
brains were removed, postfixed for 24 hr and dehydrated. Cryostate m icrotome sections (30 
µm) used for the modified Gal lyas si lver impregnation procedure30 were kept in a sol ution of 
4 % paraformaldehyde in  0. 1 M phosphate buffer (pH = 7.4) before stain ing. 

Silver staining: 
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The si lver impregnation procedure used has proven to be a very rel iable marker for 
damaged cel ls30• In brief, free floating sections were three times rinsed in quartz disti l led 
water and pretreated for three times five minutes in a solution contain ing 1 . 1  mol/L NaOH 
and 75 mmol/L NH4NO3• Tissue was subsequently impregnated for 1 0  minutes in 1 .4 mol/L 
NaOH, 0.8 mol/L N H4NO3 and 1 8  mmol/L AgNO3• After rinsing three times for five minutes 
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TABLE 1 Bloodpressures (mmHg) and the number of animals with seizures in the different 
groups. 

CONT MET CORT CORT+MET 
n=7 n=6 n=8 n=6 

before ischemia 92.2 ± 7.0 94.8 ± 5.7 93. 3 ± 7.0 93.5 ± 3.2 
during ischemia 42.5 ± 4.2 5a.o·± 3.6 43.5 ± 4.8 54.8 ± 6. 1 
after ischemia 1 1 1 .8 ± 4.8 1 14.4 ± 4. 1 1 1 3.4 ± 5.9 1 05.2 ± 6.4 

percentage animals 42.9 0 87.5 0 
with insults 

Bloodpressure data are expressed as averages ± S.E.M .. (: p< 0.05) 

in 47 mmol/L Na2CO3, 1 .5 mmol/L N H4NO3, 30 % ethanol the sections were developed for 
1 m inute i n  0.07 % Citric Acid, 0.55 % formal in,  9.6 % ethanol, 0.675 mol/L NaOH and 
0.75 mmol/L NH4NO3• Si lver deposits were fixed for four minutes i n  1 . 5 mol/L 
Na2S2O3. 5H 1O, rinsed three times five minutes in d ist i l led water and stored in 0. 1 mol/L 
phosphate buffer pH 7.4 before mounting on gelatin coated sl ides. 

Corticosterone assay: 

Seizures: 

Corticosterone was extracted from 75 µI plasma using a l iquid extraction method. 
Quantification of plasma corticosterone was performed by h igh-pressure l iqu id 
chromatography in combination with u l traviolet detection. The absolute threshold for 
corticosterone in plasma was 8 ng/ml 1 5

•
34

• 

The number of animals having a visible seizure were scored between 3 and 6 hrs 
after hypoxia/ischemia and 1 hr before perfusion. We analysed, furthermore, the average 
damage and the average corticosterone levels in a l l  rats with and without seizures. 

Histology: 
Sections at 9.2, 7 .7, 6 .7, 5 .7  and 4.2 mm distance from the interaural ( i .a . )  l i ne were 

analysed using bright or dark field microscopy. Camera lucida drawings of the s i lver stained 
in the side ipsi lateral to the clamped artery were made on m i l l imetre paper and used for 
damaged area size calculations. Damage was expressed as the ratio between the area si lver 
stained and the total area. 

Data analysis and statistics: 
Investigators were during surgery and analysis of the h istology bl i nded to the 

procedure. H istology data and the plasma corticosterone levels were statistical ly evaluated 
using (two tailed) student t-test corrected for mu ltiple comparisons. Significance was taken at 
p < 0.05. 
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Figure 1 Mean plasma corticosterone levels (in µgldL) 5 minutes after hypoxialischemia 
in the four experimental groups. The MET or the MET +CORT treatment reduced and 
CORT administration increased the plasma corticosterone levels compared to the CONT 
group. (, • and # indicates a significant difference with respectively CONT, MET and CORT 
treated groups). 

RESULTS 
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During the whole procedure body temperature and bloodglucose were not 
significantly different (data not shown). Table 1 shows that the bloodpressure in all 
groups before and after the hypoxia/ischemia was comparable. However, during the 
hypoxidischemic period MET treated rats had slightly elevated bloodpressures 
compared to the controls. 

The steroid levels in a l l  groups were highly elevated compared to normal 
pre-ischemic baseline levels (2-3 µg/dL). Plasma corticosterone levels in the CONT 
group were increased to 59.9 µg/d l ± 2.7, while CORT administration showed an 
additional rise in plasma steroid levels. MET pre-treatment, however, reduced the rise 
in plasma steroid levels significantly. Rats receiving MET +  CORT exhibited a plasma 
corticosterone level of 39.0 µg/dl ± 5.3 (fig 1 ). 

Seizures observed were intermittent and had in general a duration of less 
than 30 seconds. No inter-animal differences in the pattern of seizures was apparent. 
The percentage of animals with seizures was highest (87.5%) in the CORT treated 
rats and lowest (0%) in both groups treated with MET (table 1 ). Three out of seven 
rats in the CONT group showed also insults (42.9%). Regardless of their initial 
treatment, rats were assigned to the seizure or non-seizure group to study the relation 
between seizures, neuronal damage and corticosterone levels. Our combined data 
showed that, rats with seizures (n = 1 0) had s ignificantly higher mean corticosterone 
levels and cerebral damage, resp. 70.1 µg/dl ± 4.3 and 67.7 % ± 2.4 than the rats 
which exhibited no seizures (n - 11) (resp. 33.1 µg/dl ± 8.3 and 31.8 % ± 8.2) (fig. 
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Figure 2 Brain Damage (A) and the plasma corticosterone levels (µg/dL) (BJ in rats 
with and without seizures. Rats with seizures exhibited more neuronal damage and had 
significantly higher plasma corticosterone levels. ( and -· indicates levels of significance 
respectively p<0. 01 and p<0.001). 

2). Indicating that high post-operation corticosterone levels influenced the occurrence 
of seizures and the amount of damage at a latter time point. 

The average damage was (fig. 3) lowest in the MET and MET + CORT treated 
groups (resp 26.3 % ± 12.7 and 25.7 ± 13.3), whereas CORT pre-treated animals 
showed significantly more damage (65.8 % ± 4.0) than both MET treated groups. 
The damage in the CONT group was 48.9 % ± 9.0. The damage in each group was 
comparable over all five analysed sections (fig 4F). CORT treatment resulted in the 
highest amount of neuronal damage (59-66%). Treatment with MET or MET + CORT 
reduced the affected area (resp. 23-31 % and 19-26%) significantly while CONT 
treatment resulted in intermediate amounts of damage (42-55%). 

The hippocampus (CA 1 and Dentate gyrus), the dorsolateral parts of the 
striatum, the thalamic areas and the cortex were consistently damaged in all groups 
(fig 4). The reduction in damage by the MET treatment was not limited to one area 
but affected all analysed areas in the same (more or less consistent) way. However, 
CORT treatment resulted also in neuronal damage in the substantia nigra and the 
entorhinal cortex , a brain structure not affected in rats receiving the MET treatment 
(fig 4E). 

175 



Chapter 1 1  

Q) 
01 
0 

0 
0 

Q) 
01 
0 

C 
Q) 
u 
\.... 
Q) 

1 00 �-------------------, 

80 

60 

40 

20 

D CONT [§3 CORT 

- MET (!Z:l MET + CORT 

* * 
I I 

0 ,____......_ __ _,__ 

Figure 3 Mean brain damage 24 hrs after hypoxia/ischemia. Highest levels of damage 
were observed in the CONT treated rats. Both MET treated groups had significantly less 
damage than the CORT group. CONT rats had intermediate levels of brain damage. 
(Indicates levels of significance p<0.05). 

DISCUSSION 
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The present results show that: 1) Corticosterone and Metyrapone treatment 
respectively increased and reduced plasma corticosterone levels (shortly) after 
hypoxia/ischemia compared to CONT animals. 2) Rats treated with corticosterone 
were more damaged and developed more seizures than rats treated with Metyrapone. 
3) Our results indicated, furthermore, that rats with seizures had significantly more 
damage and higher plasma corticosterone levels. 4) MET treatment prevented 
damage in the substantia nigra and the entorhinal cortex. In literature a number of 
possible mechanism are postulated by which glucocorticoids could endanger 
neurons in the aftermath of hypoxia/ischemia. Although the relation between 
glucocorticoids and cerebral blood flow during hypoxia/ischemia is not completely 
clear, the physiological variables in this experiment were not different (mean arterial 
bloodpressure hypoxia/ischemia, bloodglucose and temperature) between the CORT, 
MET and CORT + MET treated animals. However, a significant difference in mean 
arterial bloodpressure during hypoxia/ischemia between the MET and CONT group 
was found. This bloodpressure increase in the metyrapone treated rats might be 
explained by its inhibition of 11-B-hydroxylase, which converts deoxycorticosterone 
to corticosterone. The inhibition of this enzyme lowers not only the plasma 
corticosterone levels but it also increases the levels of the potent mineralocorticoid, 
11-desoxycorticosterone. This mineralocorticoid presumably stimulates the retention 
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Figure 4 Camera lucida drawings of the silver stained area (A, B, C,D and E) and the mean 
brain damage (F) at five different sections (9.2 mm (A), 7. 7 mm (B), 6. 7 mm (C), 5, 7 mm 
(D) and 4.2 mm (E)) rostral from the interaural line. ( and • indicates a significant 
difference with respectively MET and MET+CORT treated groups). Camera lucida 
drawings are of two experimental groups (CORT (gray) and MET (black), while (F) shows 
the damage in all four experimental groups. All five levels analyzed showed that CORT 
treated rats were most severly damaged and that the vulnerability was reduced by 
treatment with MET. MET treatment displayed little or no damage in especially the 
substantia nigra (E) and the entorhinal cortex. 
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of sodium, which is a cause of increased bloodvolume and bloodpressure. All 
together, these data suggest that the observed differences in neuronal damage and 
seizures between the CORT, MET and CORT + MET groups can not be explained by 
the cardiovascular effects. 

The plasma corticosterone levels in the four experimental groups were 
increased after hypoxia/ischemia compared to pre-ischemic levels. Metyrapone 
administration, however, reduced the rise of the plasma corticosterone levels 
compared to levels reached in the control rats. On the other hand the corticosterone 
treatment increased the post-ischemic plasma corticosterone levels significantly 
compared to levels measured in the other groups. The comparison between the 
amount of affected area in the four experimental groups revealed that the group with 
the highest corticosterone levels (CORT) had the highest level of neuronal damage 
(65.8 % ± 4.0). This damage was significantly higher compared to MET treated rats 

which showed the lowest levels of corticosterone and injury (26.3% ± 1 2.7). CONT 
treated rats had intermediate levels of corticosterone (59.9 µg/dl ± 2.7) and damage 
(48.9% ± 9.0). This relation between the post-ischemic plasma corticosterone levels 
and damage suggests an important role of this glucocorticoid in the development of 
damage. Our previous work in intact animals indicated that prolonged corticosterone 
pre-treatment also affected the plasma corticosterone levels during hypoxia/ischemia. 
Corticosterone pre-treatment gave significantly reduced plasma corticosterone levels 
during hypoxia/ischemia which resulted also in a decreased amount of insults and 
brain damage 1 5

• Others also reported a decreased vulnerability for ischemic damage 
when rats were surgically adrenalectomised directly after the hypoxia/ischemia2 1 •26• 

Although less was known about the prevention of neuronal damage in intact (non 
adrenalectomised) animals some authors showed that chemical adrenalectomy with 
metyrapone reduced plasma corticosterone levels and subsequent hippocampal 
damage. For instance, kainic acid induced hippocampal damage was less after 
treatment with metyrapone29• Metyrapone was also able to ameliorate hippocampal 
ischemic damage20• 

Analysing the data from all rats ""._ith and without seizures strengthens the 
idea of an important role for corticosterone in the development of seizures and 
neuronal damage. Because rats with seizures had highly significant increased levels 
of damage (67.7 % ± 2.4;p = 0.001 )  and mean plasma corticosterone levels (70.1 
µg/dl ± 4.3;p = 0.002) compared to rats not showing seizures (resp. 33. 1 % ± 8.3 
and 31 .8 µg/dl ± 8.2). The importance of corticosterone levels in the development 
of seizures is affirmed by the fact that the high corticosterone levels were measured 
hours before the appearance of seizures. In other investigations it was found that in 
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the presence of glucocorticoids, the hippocampal neurons become more vulnerable 
to seizures1 5

•
25

•
29

• Clinical studies showed elevated plasma cortisol levels following 
epileptic seizures and it was reported that these elevations might be a predictive 
indicator of prognosis in status epilepticus1 •2•4•7•23

• Although our results confirm the 
important role of corticosterone in the development of seizures, it is not certain 
whether these insults are a cause or a result of the neuronal damage. The mechanism 
by which glucocorticoids make neuronal cells more vulnerable remains obscure. A 
role for the Glucocorticoid receptor (GR) rather than the mineralocorticoid receptor 
(MR) in the development of damage has been postulated22

• Our results are in 
agr�ement with such a hypothesis, because cells throughout the brain were more 
vulnerable to hypoxia/ischemia, which coincidences with the distribution of the GR 
receptor (the MR is mainly localised in the hippocampus). However, other factors 
such as free radicals1 8

, glutamate neurotoxicity and excessive Ca2 + influx3•5 are also 
implicated in the increased vulnerability of glucocorticoids. 

Although CORT treatment induced higher plasma corticosterone levels in 
metyrapone treated rats this did not result in a subsequent rise in damage or seizures, 
suggesting also a metyrapone effect that is independent of its corticosterone synthesis 
inhibition. As was shown before, metyrapone not only reduces the mean plasma 
corticosterone levels but also affects the plasma aldosterone levels. On the other 
hand increases in plasma levels of deoxycorticosterone and 1 1 -desoxycorticosterone 
were reported. Although the precise mechanism of the corticosterone independent 
effect is unknown, potentiation of the GABAA receptor mediated responses by 
metabolites arising after the MET treatment might be crucial 1 6• 

Regardless of the precise mechanism, the ability of glucocorticoids to 
compromise neuronal viability in stroke and after seizures has potential clinical 
importance. Although the reduction of plasma corticosterone (and aldosterone) levels 
by surgical adrenalectomy was shown to induce protection this method is difficult to 
use clinically. Therefore the use of metyrapone, which is efficacious and safe in a 
clinical context1 2

, might offer some possibilities in the treatment of stroke or seizures. 
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In the patho-physiology of many neurological diseases the formation of free 
radical oxygen species are thought to play an important in i tiating role. A 
cerebrovascular accident (CVA) is an example of a disease in which free radicals are 
thought to induce or contribute to (exhaustive) damage. Cerebrovascular accidents 
are the third leading cause of death and the most important cause of serious 
disabil ity. Therapy in these patients is mostly directed towards prevention of new 
complications rather than to (pharmaceutical) l imitation of brain damage. The lack of 
effective surgical or pharmaceutical intervention is partly due to poor pathogen ic 
knowledge of brain infarcts and partly on the problems with the interpretation and 
implementation of data obtained in experimental stroke models. However, in this 
thesis an in it ial attempt has been made to elucidate some possible pathogen ic 
mechan isms by using an hypoxia/ischemia reperfusion animal model. The results 
with such models might ultimately give ins ight into possible clin ical effective 
treatments. 

ANIMAL MODEL 
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Chapter 2 and 3 describe in deta i l  the characteristics of the modified Levine 
rat model which we used in our experiments. This model combines hypoxia and 
ischemia, a common clin ical condition. The essential characteristic of our reperfusion 
model is that one carotid artery is occluded for maximal 20 minutes and at the same 
time the rat is actively ventilated with a gas mixture contain ing n itrogen and a low 
oxygen content (10%). The major advantages of this  straightforward model are the 
relative simplicity of the surgical intervention and the ischemidhypoxic procedure, 
the reproducibility of the damaged area and the fact that the cl in ically relevant MCA 
area is affected. The mortality in our model is low, probably because of the 
unilateral aspect of our model, which i n  general leaves one brain half undamaged. 
Chapter 2 describes the correlation between the decrease of mean arterial blood 
pressure (MABP) during hypoxia/ischemia and the extent of brain damage. Compared 
with a MABP decrease of more than 60 %, a MABP decrease during 
hypoxia/ischemia of less than 60% gave r ise to far less brain damage and in some 
cases even to no detectable damage. This finding rectified the exclusion of rats with 
less than 60% MABP decrease which increased the reproducibility of our model. 

The modified Levine model enabled us the study of processes that govern the 
development of damage in several discrete brain structures. Chapter 3 shows that 
acute damaged (lnfarcted) areas such as the substantia n igra were characterised by 
non-specific cell death, resulting in intense silverstaining and lack of the astrogl ial 
GFAP-immunoreactivity as soon as 3 hours after hypoxia/ischemia. Infiltration of 
microgli a  in the infarcted core was observed from 12 hours on, showing an i ntense 
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immunoreactivity over the entire area at 24 hours. The thalamus and the dentate 
gyrus were characterised by early neuronal damage. In both these affected areas 
GFAP-IR was upregulated. No marked microglial activation and infiltration was seen 
in the thalamus and the dentate gyrus until 7 days after the infarct. A different process 
was shown in the delayed damaged areas, like the parietal cortex and the CA 1 area 
of the hippocampus. In these brain structures the number of argyrophilic neurons and 
severity of trauma increased progressively with time. A moderate microglial reaction 
was observed at 24 hours leading to a massive infiltration and activation of microglia 
at 7 days of reperfusion in the most severe damaged areas. 

FREE RADICALS 

The possible role of free radicals has been proposed to explain neuronal 
death following cerebral ischemia and is the core of the so called free-radical 
hypothesis of ischemic damage. This theory is based on two thoughts: i) since free 
radicals are formed in all aerobic cells and since they are inherently toxic, cells must 
have an suitable defence system; ii) several conditions predictably give rise to 
increased free-radical production. 

Enzymatic radical scavengers 
Free radicals are scavenged by specific enzymes like superoxide dismutase 

(SOD), glutathione peroxidase and catalase. Both glutathione peroxidase and catalase 
can discard hydrogen peroxide, but the removal of H2O2 in the forebrain occurs 
mainly through the oxidation of reduced glutathione to the oxidised glutathione 
disulfide, a reaction catalysed by glutathione peroxidase. In order to maintain the 
reducing capacity of glutathione the enzyme glutathione reductase is essential. In the 
literature the brain distribution of enzymes involved in the scavenging of free radicals 
is poorly determined. Cu/Zn SOD (cytosolic form) m-RNA was demonstrated in 
pyramidal layers of the hippocampus, the cortex and the hypothalamus while the 
exclusively mitochondrial located Mn SOD was identified in the CA 1 pyramidal 
cells, in the CA3 area, and the striatal cholinergic and somatostatin containing 
neurons. Catalase, the most effective enzyme for the removal of H2O2 was shown to 
be low in the forebrain under homeostatic conditions. Nevertheless, this relative lack 
of catalase may be compensated through the glutathione redox cycle with its 
catalysing enzymes glutathione peroxidase and glutathione reductase. In Chapter 6 
we pointed out that glutathione reductase positive neurons were detected in most 
brain areas, but that the regional intracellular staining intensity differed markedly. 
This suggests a variable potency of different brai n  areas in dealing with the damaging 
oxidative actions of free radicals. Another important observation was that glial cells 
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can express glutathione reductase. However, the astrocytic expression is somehow 
related to the neuronal expression because it was only found in areas where the 
neurons did not express this scavenger. This might also explain the discrepancy 
between astrocytic localisation of glutathione peroxidase in human brain and the 
mainly neuronal (m-RNA) distribution in rat brain (Chapter 4). 

The importance of the scavenger enzymes in preventing oxidative injury is 
apparent in studies in which animals are constituted with high scavenger levels. This 
literature consistently shows that these animals (e.g. Cu/Zn SOD transgenic mice) 
have an additional protection against oxidative actions. It was also repeatedly 
reported that the synthesis of both Mn SOD and Cu/Zn SOD mRNA was increased 
after a brief period of ischemia. This post-ischemic induction of mRNA could be 
abolished by pre-ischemic treatment with human SOD or by other pre-ischemic 
conditioning techniques which induced the formation of more scavenger enzymes. 
These data suggested that oxygen derived free radicals may play an pivotal role in 
ischemic neuronal damage. Because of the differential regulations of SOD and 
Glutathione peroxidase mRNA in murine brain, it is conceivable that a mismatch in 
expression between these enzymes could lead to an accumulation of hydrogen 
peroxide. Which could trigger neuronal death when hydroxyl radicals are formed in 
the Fenton's reaction. The induction of glutathione peroxidase mRNA after ischemia 
in some of the affected brain areas (Chapter 5) lead to the assumption that huge 
amounts of free radicals (e.g. hydrogen peroxide) are formed during the reperfusion. 

Pharmaceutical prevention of the detrimental effects of free radicals 
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In our hypoxia/ischemia model we have tested the prophylactic potency of L
Deprenyl (selegiline) treatment to reduce or prevent cerebral damage. L-deprenyl was 
used because it has several characteristics which might directl y influence the amount 
of hydrogen peroxide in the brain. First of all L-deprenyl is a monoamine-oxidase 
(MAO)-B inhibitor and MAO inhibitors are known to el iminate the rise of toxic H 2O2 

in the reperfusion period. However, less was known about the direct influence of 
MAO inhibitors on post-ischemic damage. On the other hand, L-deprenyl has the 
ability to increase the scavenger enzyme activity of especially catalase and SOD. 
Indeed, the regional differences in damage protection by deprenyl treatment (Chapter 
7) are in accordance with the reported regional increase in superoxide dismutase and 
catalase activity after 1 -deprenyl treatment. However, measurements of scavenger 
enzymes activities after this L-deprenyl treatment and the usage of lazabemide (an 
other MAO-B inhibitor; Chapter 8) suggested that especially the formation of large 
amounts of hydrogen peroxide, by the monoamine oxidase enzyme, was inhibited by 
L-deprenyl treatment. 
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The damaging characteristics of hydrogen peroxide can not only be 
prevented by inhibition of the formation of large quantities of this radical but also by 
the quick and effective removal of this radical intermediate. Catalase for instance 
proved to be effective in preventing ischemic damage. However, about the 
neuroprotective properties of glutathione peroxidase less is known. Ebselen (PZ-5 1 ), a 
synthetic seleno-organic compound with glutathione peroxidase activity, has the 
advantage compared to the regular glutathione enzyme that it can not only detoxify 
hydrogen peroxide but also the organic-, phospholipid- and cholesterol
hydroperoxides. In our experiments ebselen (Chapter 9) proved to be effective 
against ischemic damage. This was probably mediated by ebselen 's characteristics as 
a glutathione peroxidase mimic and not by any of its other beneficial characteristics. 
In short, our experiments, described in Chapter 4 to 9, indicate radical oxygen 
species (especially hydrogen peroxide) and its enzymatic scavenger enzymes as 
important determinants of post-ischemic neuronal damage outcome. 

f>harmaceutical exacerbation of post-hypoxic damage by corticosterone 

Complications following stroke include seizures and different endocrine 
abnormalities. E levations in serum and plasma cortisol levels are found following 
epileptic seizures and it has been reported that these elevations may have prognostic 
value for the development of status epilepticus. Literature also suggests that 
hypercortisolism in stroke patients is associated with cognitive disturbances, motor 
impairment, poorer neurological outcome, greater mortality and disability. Chapter 
1 0  and 1 1  describe the role of prolonged or acute manipulation of plasma 
corticosterone levels and its effect on brain damage or the development of seizures. 
The results presented in Chapter 1 0  indicated that prolonged corticosterone pre
treatment affected the rise of the plasma corticosterone levels during 
hypoxia/ischemia. This treatment regime gave significantly reduced plasma 
corticosterone levels during hypoxia/ischemia and was associated with a decreased 
insult-frequency and brain damage. This ability of glucocorticoids to compromise 
neuronal viability in stroke and after seizures was also shown in Chapter 1 1 .  The 
presented results indicated that acute reduction of plasma corticosterone levels (by 
metyrapone treatment) during experimental hypoxia/ischemia induced tissue 
protection. However, the exact mechanism behind this protection remains obscure 
although factors such as free radicals, glutamate neurotoxicity, excessive calcium 
influx and the role glucocorticoid vs. mineralocorticoid receptors have been 
implicated as mediators of increased vulnerability to glucocorticoids. 

1 87 



Chapter 12  

INTERPRETATION OF EXPERIMENTAL DATA TO THE CLINIC 
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Despite the proven ability of animal models to parallel the abnormalities of 
cerebral metabolism, electrophysiology, and histopathology of human brain 
ischemia, the record for identifying clinically effective drugs using these animal 
models has been disappointing. Although numerous preclinical experiments have 
claimed "proven" efficacy of selective compounds in treating focal and global 
ischemia, none of the pharmacological agents has found its way into general use for 
clinical stroke, nor have any of drugs shown effectiveness in careful ly conducted 
clinical trials. The principal weakness of many studies is traced back to what can be 
called a less-than-ideal critical objectivity on the part of the investigator. This could 
be avoided by repetition of the pharmacological studies in several experimental 
models before application in CVA patients is considered. Most laboratories focus on 
the Middle Cerebral Artery Occlusion (MCAO) model, but literature shows that, even 
with this frequently used model, different outcomes in different species can be found. 
So, replication of protective actions of drugs in various stroke models is necessary to 
pin point the most promising drugs. 

Other major problems are inappropriate physiological monitoring, 
inappropriate histological analysis (what is damage? Or what is a dying neuron?) and 
lack of control in ischemic insult reproducibility. In light of these problems in the 
present we have focused on testing the reproducibility of the animal model and most 
experiments were conducted with a the double blind design. It was shown that the 
silver staining technique offered a reliable method to detect damage and might be 
preferred above some techniques which only allow damage evaluation at low 
magnifications (Tetrazolium salt) or with time consuming light field microscopy 
analysis (Nissl). The beneficial pharmacological pretreatments presented in this 
thesis are part of preclinical studies to clarify biochemical pathways instead of 
providing possible clinical intervention strategies. 

Nevertheless, most of the substances that were tested showed 
neuroprotective capacities in other CVA models and this might be a basis for further 
clinical experiments with these compounds. The difficulty with the interpretation and 
implementation of animal data are clearly illustrated in this thesis when one takes 
into account the differential glutathione reductase expression patterns that were 
found in the various murine species (Chapter 6). It is conceivable that these variable 
expression patterns within and between species hamper extrapolation to the human 
situation. However, manipulation of the regional intrinsic scavenger enzyme activity 
with drugs (such as deprenyl) might offer a good possibility to decrease the 
vulnerability for free radicals which are formed after stroke (chapter 7). 
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IMPLEMENTATION. 

One of the major aims of CVA research is to reduce the mortality and 

morbidity from stroke. Accomplishing this aim wil l  require the development of 

effective treatments for stroke and focused primary/ secondary care. Both primary and 

secondary prevention can only be achieved after a good risk-factor profi le has been 

acquired which defines individuals with a high risk for initial and/or recurrence 

stroke. A l though risk factors such as hypertension, diabetes mellitus, cigarette 
smoking, excess alcohol use, underlying cardiac disease, stress and hyperlipedemia 

have been wel l  documented more research is necessary to identify patients with high 

stroke probabi l i ty. Animal research can a lso be used to evaluate these risk factors. 

Chapters 10 and 11 showed that high levels of the stress hormone (corticosterone) 
during the hypoxidischemic event increased the injury. So methods to decrease the 

stroke associated stress and (especial ly) the stress hormones might be beneficial to 

patients. 

It is feasible that future research wil l enable us to predict a (for instance) 10-

year stroke probability. High risk patients cou ld then benefit from prophylactic 

neuroprotection . The concept of prophylactic neuroprotection is derived from 

observations that, with many drugs, pre-treatment in animal models yield better 

outcomes than post-onset treatment and the suggestion from clinical trials is that very 

early treatment after stroke may be obligatory. This was also demonstrated by the 

early (as soon as 3 hrs) and profound loss of cel l s  in the substantia nigra (Chapter 3). 
However, in animal stroke models pretreatment for extended periods before stroke 

onset has not been performed with most a l leged neuroprotectants. Once 

neuroprotective effects with drugs have been documented during acute interventions, 

short- and long-term prophylactic therapy can be assessed in animals to stand model 

for prophylactic human trials. Such an approach is necessary because it would 

provide information about toxicity, dosing, and effectiveness to help guide human 

trial organisation .  L-deprenyl is one of the few drugs which has been administered in 

humans (Parkinson's disease) and animals for long times (chapters 7 and 8). Long 

term treatment with Deprenyl also increased the live span in animals. This makes 

Deprenyl one of the few drugs which might be safely administered to patients at 

high risk for stroke. However, in general the long-term drug treatment in the cl in ic 

might be complicated by low compliance. 

Prophylactic treatment, however, can not prevent the occurrence of stroke in 

individual patients in the low-risk population. For these patients an effective post

onset treatment must be developed. The time-interval between the occurrence of a 

stroke and the initiation of treatment (patients- and doctor's-delay) is proven to be 

essential and should be as short as possible. Therefore, a change in emergency care 
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organisation should be carried through, and preferably the General Practi tioner (GP) 
should have a prominent role in the initial treatment. If a possible stroke is reported 
to a GP a prompt acute application of pharmaca should be considered. Such a 
design requires, apart from the pharmacological effectiveness of the drugs for the 
treatment of stroke, special characteristics because there is always a chance that 
stroke is falsely diagnosed. 

The choice for an ultimate pharmacological treatment strategy for stroke/CYA 
patients is difficult. However, some general conclusions can be drawn from literature 
and the experiments described in this thesis. Although radical scavengers are known 
for their ability to reduce damage after hypoxia/ischemia, limitation of the post
hypoxic damage can also occur after administration of drugs which are supposed to 
interfere with calcium influx, glutamate release or immune activation. Nevertheless, a 
residue injury will always remain with any (pre)treatment. Therapies combining drugs 
that attack selective aspects of the ischemic cascade (ebselen; chapter 9), will 
probably be the most effective strategy to reduce morbidity and mortality from stroke 
in the next decade. 
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De formatie van vrije radicalen heeft waarschij n l ijk een init ierende rol in de pathofysiologie 
van enkele neurologische z iekten . Het CerebroVasculair Accident (CVA, beroerte of hersenbloeding) 
is een voorbeeld van een ziekte waarbij vrije radicalen mede verantwoordel i jk warden gehouden 
voor het ontstaan van de beschadiging. Cerebrovasculaire accidenten zijn de derde doodsoorzaak en 
de belangrij kste veroorzaker van ernstige handicaps. De therapie in  deze patienten i s  tot nu toe 
voornamel i jk gel imiteerd tot de preventie van n ieuwe compl icaties i n  plaats van de (farmacologische) 
beperking van de hersenschade (appendix I ) .  H et gebrek aan effectieve chirurgische of 
farmacologische behandel ingen is enerzijds gelegen in de beperkte pathofysiologische kennis  over 
herseninfarcten en wordt anderzijds veroorzaakt door de problemen met de interpretatie en 
implementatie van data verkregen uit dierexperimenten. In d i t  proefschrift is veel aandacht besteed 
aan het ontrafelen van de mogel ijke pathofysiologische mechanismen i n  een rat 
hypoxie/ischemie/reperfusie model. 

De eigenschappen van ons gemodificeerde "Levine" rattenmodel warden tot in  deta i l  
besproken i n  de hoofdstukken 2 en 3. Dit  model maakt gebru ik  van een bij CVA's veel voorkomende 
combinatie van hypoxie en ischemie. De gebruikte hypoxie/ischemie procedure bestaat uit een 20 
m inuten durende occlusie van 1 arterie carotis en een gel ijktijd ige verlaging van de zuurstof 
concentratie .  De voordelen van onze experimentele opzet is de relatief eenvoudige ch irurgische 
opzet, de grate reproduceerbaarheid van de grootte van het aangedane gebied en het feit dat het 
k l in ische relevante MCA gebied is aangedaan.  De lage morta l iteit in  ons model is waarsch ij n l ij k  een 
gevolg van het un i laterale aspect van ons model welk een hersenhelft onaangetast laat. Hoofdstuk 2 
beschrijft de correlatie tussen de bloeddrukdal ing gedurende de hypoxie/ischemie en de hoeveelheid 
hersenschade. Een bloeddrukdal ing tijdens de hypoxie/ischemie van meer dan 60% resu l teerde in 
veel meer schade dan wanneer de ge'induceerde bloeddrukdal ing m inder dan 60% was. In het laatste 
geval was in enkele ratten zelfs totaal geen schade waarneembaar. Deze waarneming heeft er toe 
geleid dat ratten met een bloeddrukda!i ng van minder dan 60% tijdens de hypoxie/ischemie u i t  onze 
data zijn verwijdert om zodoende de reproduceerbaarheid van het model te verhogen .  

In d i t  model hebben wij verder in  de verschi l lende hersengebieden d ie  processen bestudeerd 
d ie  de ontwikkel ing van schade beschrijven. Hoofdstuk 3 beschrijft het ontstaan van hersenschade 
aan de hand van drie verschi l lende processen: Acute hersenschade word gevonden in de substantia 
n igra. H ier vindt een snel le gegeneral iseerde celdood plaats, welke resu lteert in een sterke 
z i lverkleuring (appendix I I )  en tot het verdwijnen het voor astroglia cel len specifieke GFAP (na 3 uur) .  
Na 1 2  uur infiltreren microglia cel len in de kern van het infarct terwijl na 24 uur een intense 
m icrogl ia-specifieke immunoreactiviteit wordt gevonden. De thalamus en de dentate gyrus warden 
gekarakteriseerd door een heel ander fenomeen; de zogenaamde vroege neuronale schade. Na de 
hypoxie/ischemie werd het GFAP signaal in dit gebied versterkt, terwijl de activatie en infi l tratie van 
m icroglia daar pas 7 dagen na de experimentele beschad iging plaats vindt. Het andere schade proces, 
welke gekenmerkt wordt door vertraagde schade, vindt plaats in gebieden zoals  de parietale cortex en 
het CA 1 gebied van de h ippocampus. In deze gebieden neemt met de tijd zowel het aantal zi lver 
bevattende neuronen a ls  de ernst van de beschad iging toe. Na 24 uur  begint ook in de h ippocampus 
de microgl i a  reactie die resulteert i n een massieve infiltratie en activatie van microgl ia na 7 dagen. 
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Vrije rad icalen zijn gebruikt om neuronale dood na cerebrale ischemie te verklaren. De 

theorie van de zogenaamde vrije radicaal hypothese is gebaseerd op twee grondbeginselen :  

• vrije radicalen warden gevormd in a l le  cel len en omdat ze schadelijk z i jn moeten cel len een 

bescherm ingssysteem hebben. 

• er zijn verschi l lende condities die resulteren in een toegenomen produktie van de vrije radicalen. 

Vrije rad icalen kunnen verwijderd warden door specifieke enzymen zoals superoxide 

dismutase (SOD), glutathion-peroxidase en catalase. G lutathion-peroxidase en catalase kunnen beide 

waterstofperoxide onschadel i jk maken. In de voorhersenen wordt waterstofperoxide ge"inactiveerd 

door de oxidatie van gereduceerd glutathion disulfide, een reactie die wordt gekatalyseerd door het 

glutathion-peroxidase. Om genoeg reducerend vermogen in het glutathion systeem te behouden 

wordt het enzym glutathion-reductase gebruikt. De cerebrale d istributie van deze enzymatische 

radicaal scavengers is nauwelijks beschreven. Het cytosol ische Cu/Zn SOD werd gevonden in  de 

pyramide lagen van de hippocampus, de cortex en de hypothalamus terwij l het m i tochondriele 

MnSOD werd ge"identificeerd in de CA 1 pyramide cellen, in  het CA3 gebied en in  de  striatale 

cholinerge en somatostatin bevattende neuronen. In de voorhersenen is catalase (het meest effectieve 

enzym in de verwijdering van waterstofperoxide) relatief wein ig aanwezig onder homeostatische 

condities. Dit kan gecompenseerd warden door de glutathion redox cyclus met de enzymen 

glutathion-peroxidase en glutathion-reductase. 

Hoofdstuk 6 gaat over de lokalisatie van glutathion-reductase. G lutath ion-reductase bevattende 

neuronen warden gevonden in de meeste hersen gebieden, maar de regionale i n terce l lu la ire 

i ntensiteit verschi l t  aanzien l ijk .  Dit suggereert een variabele potentie van de versch i l lende 

hersengebieden om de beschad igende werking van vrije radicalen te voorkomen. Een belangrijke 

waarneming was dat sommige gl iacel len glutath ion-reductase bevatten .  Echter men vindt al leen 

gl utathion-reductase positieve gliacel len, wanneer er in dat gebied geen neuronen zijn d i e  dit enzym 

tot expressie brengen. Dit zou mede een verklaring kunnen zijn voor de discrepantie tussen astrogl iale 

lokal isatie van glutathion-peroxidase in humane hersen en de voornamelijk neuronale d i stributie in  

het  rattenbrein (hoofdstuk 4). 
Het belang van de scavenger enzymen in  het voorkomen van oxidatieve schade bl ijkt u it  

studies met d ieren d ie  zijn uitgerust met extra veel van deze enzymen. Deze d ieren bl ijken een 

additionele bescherming te hebben tegen oxidatieve stress. Ook bl ijkt dat na hypoxie/ischemie er een 

grotere synthese is van Mn-SOD en Cu/Zn-SOD mRNA. De post-ischemische i nduct ie  van deze 

scavenger m RNA's kan warden voorkomen met technieken die de aanmaak van extra grate 

hoeveelheden scavenger enzymen stimuleren en met een voorbehandeling met het h umane SOD. 

Deze experimentele data zijn een extra aanwijzing voor een cruciale/belangrijke rol van vrije 

radicalen bij het ontstaan van ischemische schade. Als gevolg van een verschi l  in de regulering van 

SOD en glutathion-peroxidase kan er een mismatch in de expressie van deze enzymen optreden 

welke leidt tot een ophoping van waterstofperoxide. Dit waterstofperoxide kan in de Fenton reactie 

warden omgezet tot het zeer schadel i jke hydroxyl rad icaal .  De door ons gevonden i nd uctie van 

glutathion-peroxidase in sommige hersengebieden na hypoxie/ischemie suggereert dat er in deze 

gebieden sprake moet zijn van vorming van grate hoeveelheden radicalen, in het bijzonder van het 

waterstofperoxide (hoofdstuk 5). 
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In ons model zijn de mogel ijkheden van L-deprenyl om de cerebrale schade te 

voorkomen/reduceren getest. L-deprenyl is een farmacon met enkele gunstige eigenschappen. L

deprenyl is bijvoorbeeld een remmer van het enzym MonoAmineOxidase (MAO) en van MAO

inh ibitors is bekend dat ze de post-ischemische toename van waterstofperoxide kunnen blokkeren. 

Echter de uitwerking van MAO inhibitors op de hoeveelheid hersenschade was onbekend .  L-deprenyl 

kan verder ook de enzymatische activiteit van catalase en SOD verhogen. De bescherming d ie  wij met 

L-deprenyl in bepaalde hersengebieden konden induceren komt goed overeen met de regionale 

upregulatie van de scavenger activiteit (hoofdstuk 7). Echter, meting van de enzymatische activiteit en 

het gebru iken van een andere MAO inh ibitor ( lazabemide) laat zien dat L-deprenyl vooral via het 

MAO-systeem beschermend werkt (en aldus de vorming van grote hoeveelheden waterstofperoxide 

voorkomt, hoofdstuk 8). 
De schadelijke effecten van waterstofperoxide kan men echter n iet volledig voorkomen door 

blokkade van de produktie, daarnaast dient de eventueel gevormde waterstofperoxide ook snel en 

efficient te worden verwijdert. Uit onderzoek met catalase suppletie is bekend dat d it enzym via deze 

weg de cerebrale schade na een CVA kan reduceren, echter over de eventuele beschermende functies 

van gl utathion-peroxidase is veel minder bekend . Ebselen (PZ-5 1 ), een synthetische seleno-organische 

stof met een glutathion-peroxidase werking, heeft vergeleken met het endogene glutathion-peroxidase 

enzym het voordeel dat het n iet alleen waterstofperoxide onschadelijk maakt maar ook de organische

, de phosphol ipide-, en de cholesterol-hydroperoxides. Uit ons experi ment bleek dat ebselen effectief 

was tegen ischemische schade (hoofdstuk 9). Aangetoond kon worden dat deze bescherming wordt 

verkregen door zijn glutathion-peroxidase eigenschappen en n iet via een van zijn andere 

biochemische karakteristieken. Samenvattend kan worden gesteld dat al onze studies tonen dat vrije 

radicaal moleculen en de bijbehorende scavenger enzymen mede verantwoordel ijk mogen worden 

gehouden voor de omvang van post-ischemische schade (hoofdstukken 4 tot en met 9). 
Na een hersenbloeding treden er soms epi leptische insulten en endocriene onregelmatigheden 

op. Verhogingen van serum en plasma cortisol waarden zijn gevonden na een insult en deze 

verhogingen b l ijken een prognostische waarde te hebben voor de ontwikkel ing van de status 

epilepticus. In de l iteratuur komen suggesties naar voren d ie hypercortisol isme in patienten met een 

hersenbloeding associeren met cognitieve en neurologische verstoringen, grotere mortal iteit en 

handicaps. In hoofdstukken 1 0  en 1 1  zijn de effecten van een korte of langdurige man ipu latie van de 

plasma corticosterone spiegels op de hoevee lheid hersenschade en het al dan n iet optreden van 

insulten beschreven. Een langdurige behandel ing met corticosterone b l ijkt de toename van de plasma 

corticosterone spiegels tijdens hypoxie/ischemie te verminderen (hoofdstuk 10) en resulteert in een 

verlaagde insu lt-frequentie en hersenschade. Ook na de acute manipulatie van de plasma 

corticosterone spiegels is het optreden van insu lten en de hoeveelheid hersenschade evenredig met de 

hoogte van corticosterone spiegels na de ischemie/hypoxie (hoofdstuk 1 1 ) .  Het pathofysiologische 

mechan isme is echter vooralsnog onduidelij k, alhoewel algemeen wordt aangenomen dat bij dit 

proces vrije radicalen, glutamaat, overmatige calcium influx en de verhoud ing van de 

mineralocorticoid en de glucocorticoid receptordichtheid een rol speelt. 
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Het CerebroVasculair Accident in de praktijk 

De belangrijkste symptomen bij een cerebrovasculair accident (CVA) werden 
al in 400 voor Christus door Hippocrates beschreven; halfzijdig doof gevoel dan wel 
gevoelloosheid, parese van de arm en niet meer kunnen praten. Deze symptomen 
warden ook vandaag de dag nog steeds het meest waargenomen na het optreden van 
een CVA. Wanneer is er sprake van een CVA? Daartoe kan het beste de klinische 
definitie van een CVA gegeven warden: een, door vaatafsluiting of bloeding 
ontstaand, plotseling optredend ziektebeeld met verschijnselen van focale stoornis in 
de hersenfunctie, dat langer duurt dan 24 uur of eindigt met de dood, en waarvoor 
geen andere oorzaak aanwijsbaar is dan een vasculaire stoornis. Men spreekt ook wel 
van een beroerte of attaque. Een dergelijke verstoring in de circulatie kan gepaard 
gaan met een vaatruptuur (bloeding) of kan onbloedig verlopen door bijvoorbeeld 
embolie of thrombusvorming. 

Klinische lndeling: 

CXCVI 

Het overgrote deel van de CVA's verloopt onbloedig (80 %), waarbij 
onderscheid wordt gemaakt tussen CVA's met blijvende neurologische 
uitvalsverschijnselen (encefalomalacie) en attaque's die binnen 24 uur (Transient 
ischaemic attack - TIA) of langer na het ontstaan volledig herstellen (Reversible 
ischaemic neurological deficit = RIND). Uit recent onderzoek blijkt evenwel dat ook 
symptomen die niet binnen 1 uur na een CVA verdwijnen restverschijnselen kunnen 
achterlaten. Bij een encefalomalacie daarentegen kunnen de cerebrale uitvals
verschijnselen geleidelijk toenemen (de progressive stroke) of blijvend zijn 
(completed stroke). Na een aanvankelijk dieptepunt wordt meestal bij een completed 
stroke wel enige verbetering van de symptomen wordt waargenomen (figuur 1 ). 

CVA: - Onbloedig: 

- Bloedig: 

• Transient ischaemic attack (TIA:< 24 uur) 
• Reversible ischaemic neurological deficit (RIND:< 48 uur) 
• encefalomalacie- -progressive stroke 

-completed stroke 

• lntracerebraal- -apop/exia 
-hematoom 

• Extracerebraal- -subarachnoidale b/oeding 
-subduraal hematoom 

Figuur 1 :  lndeling Cerebrovascu/aire accidenten. 

Het bloedige CVA kan zowel intracerebraal als extracerebraal gelokaliseerd 
zijn. lntracerebraal kunnen apoplexie cerebri en hematomen warden onderscheiden, 
terwijl extracerebraal afhankelijk van de lokalisatie subdurale hematomen (tussen 
dura en arachnoidia) en subarachnoidale bloedingen (tussen cerebrum en 
arachnoidia) voorkomen. 

De incidentie van een beroerte in de huisarts-praktijk is ongeveer 1,7 per 
1000 per jaar en deze neemt toe tot 20 per 1000 per jaar in de leeftijdsgroep boven 
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de 80 jaar. In het beleid bij CVA worden 2 fasen onderscheiden. De eerste acute 
fase, waarin vooral aandacht ligt op diagnostiek en verbetering van de vitale functies, 
en een daaropvolgende langdurige periode van meer of minder herstel, waarbij de 
nadruk zal liggen op revalidatie. Hieronder zal in het kort de kenmerken en het 
beleid bij een onbloedig CVA in elke afzonderlijke fase worden weergeven. 

Acute fase: Pathogenese; 
Bij een hersenischemie is de bloedtoevoer naar een hersengebied afgenomen 

of zelfs gestopt. In het vaatbed van de afgesloten arterie zullen de glucose en zuurstof 
concentraties snel dalen. Bij een volledige ischemie raakt de intracellulaire zuurstof 
in enkele seconden op. Toch kan nog wel energie worden gegenereerd door de 
zogenaamde anaerobe glycolyse, waardoor o.a. lactaat ontstaat. Maar dit is 
onvoldoende voor een volledige compensatie van het energie tekort. Ook nemen de 
extracellulaire kalium en de intracellulaire calcium concentraties toe. Deze ion 
verplaatsing verloopt langs de concentratie gradient en is 1 a 2 minuten na de 
ischemie massaal. Na deze 2 minuten neemt de extracellulaire concentratie van 
neurotransmitters (zoals glutamaat en dopamine) toe en treedt er ook celzwelling 
(oedeem) op. In deze fase is de schade echter voor een heel groot gedeelte nag 
reversibel. 

Naast het primair door ischemie aangetaste hersengebied, is er een 
omringend gebied dat slecht functioneert, maar dat nog niet onherstelbaar 
beschadigd is. Dit is de zogenaamde schemerzone of penumbra. Verbeteringen van 
symptomen z ijn waarschijnlijk gelegen in het functioneel herstel van een gedeelte 
van de schemerzone. Waarbij herstel het grootst is tijdens de eerste minuten na een 
CVA (bijvoorbeeld bij een Transient lschemic Attack = TIA). 

Acute fase: Diagnostiek; 
Het eerste contact in de acute fase vindt meestal plaats met de huisarts. In 

55% van de gevallen betreft dit de eigen huisarts; in 42% van de gevallen diens 
waarnemer. De diagnostiek van de huisarts berust in het algemeen op de volgende 
overwegingen: 
• de cerebrale uitval verloopt snel progressief en is gelokaliseerd in het 

verzorgingsgebied van een cerebrale arterie. 
• na een snel ontstaan dieptepunt treedt soms snel, soms langzaam een verbetering 

op. 
• de grote deels blijvende uitval wordt soms voorafgegaan door korte perioden van 

voorbijgaande uitval (TIA's). 
• ( leeftijd) 

Gezien de therapeutische consequenties, moet differentieel diagnostisch 
rekening gehouden worden met bloedige en onbloedige CVA. Waarbij het bloedig 
CVA meestal per acuut begint en gepaard gaat met hoofdpijn, braken, snel 
optredende bewustzijnsdaling, beiderzijds Babinski reflex en verhoogde diastolische 
bloeddruk na 24 uur. De bloedige intracerebrale CVA heeft in het acute stadium een 
slechte prognose: een mortaliteit van 60-80 % binnen dertig dagen. Bij de 
differentieel diagnose van een beroerte moet ook gedacht warden aan metastasen, 
instabiele diabetes mellitus (bij insuline gebruikers), epileptisch insult (bij 
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Kliniek: 

hemiparese), chronisch subduraal hematoom (na trauma en alcohol-abusus), 
meningitis of encephali t is (bij koorts) en hartfalen (bij patienten jonger dan 45 jaar). 
Om verder inzicht te krijgen in de functionele toestand van de patient en het verloop 
na een beroerte zijn bijvoorbeeld de Barthel-index en de Frenchay-Activi ty-index 
voor het meten van zelfredzaamheid in de activiteiten van het dagelijks leven (AOL) 
van belang (tabel 1 ). Deze indices zijn ook in de huisarts-praktijk goed te meten en 
de huisarts kan zodoende een inzicht krijgen in de consequenties van en het herstel 
na een doorgemaakte beroerte. 

In de eerste week na optreden van het CVA wordt ongeveer 2/3 van de 
patienten opgenomen in het ziekenhuis. Waarbij opvalt dat vooral de hoogbejaarden 
thuis warden verzorgd. De belangrijkste reden om de patient te laten opnemen is van 
medische aard (68%), andere criteria zijn de niet toereikende verzorging thuis (34%), 
wens van patient (5%)  of omgeving (13%). 

Aanvullend onderzoek in de kliniek: 

CXCVIII 

B loedonderzoek: Ter uitsluiting van stollingsstoornissen en andere meer zeldzame 
oorzaken van de neurologische uitval kan bloedonderzoek gedaan warden naar 
Bloedbezinking, Hb, Ht, leukocyten, prolactine, trombocyten, Na, K, kreatine en 
glucose. 
Neuro-radiologisch onderzoek; Beeldvorming van het CVA is ondermeer mogel i jk 
met behulp van: 
• rontgenstralen (computer tomografie- CT), 
• elektromagnetische straling (magnetische resonantie imaging = MRI) en 
• radionucliden (single photon emission computer tomography = SPECT, 

Positron emission tomography - PET). 
==> CT: B i j  Computer Tomografie warden beelden gevormd aan de hand van 
weefsel-specifieke absorptie verschillen voor rontgenstralen. 
De voordelen van CT zijn: 

- de ruime beschikbaarheid van de CT-facili teiten 
- de betrekkelijk lage kosten. 

Nadelen zijn: de stralingsbelasting voor de (± 2 mSv) en de beperkte sensitiviteit 
voor met name vroege infarcten. Het geeft echter wel uitsluitsel over de 
aanwezigheid van bloedingen of tumoren. 
==> MRI: Magnetische resonantie imaging is een afbeeldingstechniek waarbij gebruik  
gemaakt wordt van magneten met een grate veldsterkte en  van radiofrequentie 
pulsen met een lage energie. Door de radiofrequentie pulsen in verschillende 
intervallen toe te dienen en door de registratie te moduleren kunnen afbeeldingen 
gemaakt warden die contrast verschillen weergeven. Met behulp van MRI kunnen 
Tl - en T2-gewogen beelden gemaakt warden, die elk een specifiek beeld opleveren. 
Op de Tl -gewogen beelden, die vooral geschikt zijn om de anatomie en kleine 
afwijkingen daarvan te bestuderen, is het hersenparenchym wit en de liquor zwart 
afgebeeld. Tl -gewogen beelden in combinatie met contrast (Gadolinium-DTPA) zijn 
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Tabe/ 1: De Barthel-index voor meten van de ze/fredzaamheid in de activiteiten van het dage/ijks 
/even (AOL) 

Onderwerp 
ontlasting 

urine 

persoonlijke hygiene 

toiletbezoek 

baden 

eten 

van bed naar stoel 
gaan 

Kenmerk 
incontinent 
soms incontinent 
continent 
incontinenUcatheter 
soms incontinent 
continent 
hulpbehoevend 
zelfstandig wat betreft verzorging van 

haarverzorging/tanden poetsen /scheren 
hulpbehoevend 
weinig hulp nodig 
zelfstandig 
hulpbehoevend 
zelfstandig 
hulpbehoevend 
hulp nodig bij bijvoorbeeld smeren of snijden 
zelfstandig 
niet toe in staat 

score 
0 
1 
2 
0 
1 
2 
0 

het gelaaU 1 

0 
1 
2 
0 
1 
0 
1 
2 
0 

veel hulp nodig, kan zitten 1 
weinig hulp nodig (verbaal lichamelijk) 2 
zelfstandig 3 

!open niet toe in staat 0 
kan zich zelfstandig in rolstoel voortbewegen 1 
kan !open met hulp van ander (verbaal of lichamelijk) 2 
zelfstandig 3 

aankleden hulpbehoevend 0 
gedeeltelijk mogelijk 1 
zelfstandig (inclusief knopen, rits en veters) 2 

trappen !open niet toe in staat 0 
is mogelijk met hulp van een ander (verbaal of lichamelijk) 1 
zelfstandig 2 

lnterpretatie van de totale score: 0-4: volledig hulpbehoevend; 5-9: ernstig hulpbehoevend; 1 0-14:  
heeft wel hulp nodig, kan veel zelf; 1 5-19: redelijk tot goed zelfstandig; 20 volledig onafhankelijk in 
AOL. 

ook uitermate geschikt om afwijkingen in de bloed-hersen-barriere op te sporen. Op 
de T2-gewogen beelden, daarentegen, kunnen afwijkingen in de 
weefselsamenstelling, zoals oedeem en bloedingen, beter bestudeerd worden. Verder 
wordt op deze beelden het liquor wit en het hersenparenchym zwart weergegeven. 
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Appendix 

cc 

FIGUUR 2: T2-gewogen (A,D}, T1-gewogen met contrast (B,E) en 55Co PET (C,F) bee/den 
van een patient met kenmerken van b/oed-hersen barriere verstoring (B,E) en oedeem (A,D) 
in de rechter parieta/e en occipitale regio. 

MRI heeft als belangrijkste voordelen: 
- hoog oplossend vermogen (d.w.z. gevoelige detectie tumoren, bloeding 

etc.) 
- geen stral ingsbelasting (voor zover bekend) 
- betere detectie van afwijkingen in de temporaal kwab en de achterste 

schedelgroeve. 
Nadelen zijn :  de beperkte beschikbaarheid en de hoge kosten, ook zijn er een aantal 
uitsluitingscriteria i.v.m. het sterke magneetveld en de nauwe tunnel waarin patient 
ligt: 

- claustrofobie 
- pacemaker 
- clipped aneurysma 
- graviditeit. 

=> PET/SPECT: De meest recente toevoeging aan het beeldvormende 
neuroradiologisch onderzoek zijn de SPECT/PET. 
Beide zijn :  

- zeer gevoelig; ook in  de per acute fase 
- geschikt voor visualisering van functioneel uitval 
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Nadelig zijn echter de hoge kosten en de blootstelling aan straling (± 2 mSv). Verder 
is SPECT en PET apparatuur zeer beperkt beschikbaar en heeft een slechter oplossend 
vermogen dan MRI. In Nederland is PET-onderzoek bijvoorbeeld slechts in een 
centrum mogelijk (Academisch ziekenhuis Groningen). 

PET maakt het oak mogelijk metabole processen zichtbaar te maken en kan 
zodoende inzicht geven in deze veranderende processen bij CVA's. Zo kan men de 
regionale bloedvoorziening en het metabolisme van glucose en zuurstof in de 
hersenen bestuderen. Cobalt kan Calcium ion-stromen visualiseren en wordt getest 
als klinisch diagnosticum, waarbij aangedane hersen gebieden een verhoogde 
Cobalt-influx hebben (figuur 2). 

Afhankelijk van de leeftijd en klinische verschijnselen wordt bij het 
aanvullend onderzoek oak gekeken naar: cholesterol/ triglyceriden gehalte bij 
aanwijzingen voor atherosclerose. Stollingsonderzoek bij hematologische afwijking 
(leeftijd < 45 jaar); cardiologisch consult bij verdenking van cardiale embolie c.q. 
gestoorde pompfunctie (leeftijd < 45 jaar). Lumbaalpunctie bij indicatie van 
ontstekingsprocessen (meningitis), dit kan echter gecontraYndiceerd bij een ruimte
innemend proces, anti-stollingstherapie en hemorragische diathese i.v.m. gevaar voor 
inklemming en/of bloeding. Een electroencefalografie (EEG) wordt alleen verricht bij 
het vermoeden van bijvoorbeeld epilepsie. 

Acute fase: Beleid; 
Voor puur therapeutische behandelingen is in de klinische praktijk weinig 

plaats, dit is enerzijds te wijten aan de korte periode voordat onherstelbaar letsel 
optreedt, en deels aan een onvoldoende kennis over de oorzaken en gevolgen van 
ischemie. De patient- en doctor's delay tussen het optreden van het CVA en de 
behandeling door de huisarts/neuroloog speelt dus een grate rol. Om deze redenen 
wordt tot nu toe vooral ondersteunend behandeld om complicaties te voorkomen en 
gunstige voorwaarden te scheppen voor revalidatie/herstel. Hierbij zijn van belang de 
respiratoire en cardiale functie, stabiele vocht en electrolyten balans, bloeddruk en 
de bloedglucose. 

Anti-stol lingstherapie wordt gegeven bij herseninfarct-patienten met een 
recent myocardinfarct of atriumfibrileren. 
Antistollingstherapie kan onderverdeeld warden in: 

- thrombocyten-aggregatie-remmers (aspirine, dipyridamol) 
- anti-coagulantia (heparine en coumarine derivaten) 
- thrombolytica (streptokinase) 
- hemodilutie. 

Van hemodilutie en behandeling met heparine of coumarine derivaten is tot nu toe 
geen klinische effectiviteit aangetoond.Verder staat een therapeutische behandeling 
met calcium-antagonisten in de belangstelling, alhoewel tot nu toe geen klinische 
verbetering kon warden aangetoond. Deze geringe effectiviteit kan zijn gelegen in de 
patient/doctors-delay. Daarom warden er nu enkele trials uitgevoerd waarin snelle, 
directe behandeling door de huisarts voorop staat. 

Bij een hersenbloeding is chirurgische behandeling van diep-gelegen 
hemisfeerbloedingen controversieel en slechts bij een kleine groep patienten mag 
een gunstig resultaat verwacht warden. Zo dient bij een lobaire bloeding chirurgische 
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interventie overwogen te warden. Ook is verwijdering van een cerebellair hematoom 
geboden bij een verminderd bewustzijn met normale hersenstamreflexen . 

Comp/ icaties: 
Na een acuut CVA is de uiteindelijke toestand van de patient onzeker. 

Enerzijds kunnen symptomen spontaan verbeteren, anderzijds kan het CVA 
progressief verlopen. Hierbij spelen factoren, die onafhankelijk zijn van het CVA, een 
belangrijke rol zoals bijvoorbeeld bloedglucose, bloeddruk en bedlegerigheid. Ook 
eventuele co-morbiditeit en (behandeling van) de onderliggende oorzaken van het 
CVA spelen prognostisch een belangrijke rol. Hierin zijn vooral de cardiale 
afwijkingen van belang. 

Door de vaak aanwezige combinatie van verminderd bewustzijn, 
slikstoornissen en bedlegerigheid is aspiratie-pneumonie t.g.v. van een verslikking 
een belangrijke complicatie. Daarom kan het verstandig zijn dat patienten met deze 
aandoening half-vloeibaar voedsel krijgen, zo nodig via de neussonde. 
Vanzelfsprekend moeten eventuele pneumonieen snel behandeld warden om 
hypoxemie en algehele achteruitgang te voorkomen. Decubitus alsmede 
incontinentie kan warden veroorzaakt doordat de patient ten gevolge van een parese 
of afasie niet de verpleging kan waarschuwen. Decubitus en urine-incontinentie is 
dan ook een belangrijke complicatie die aandacht vergt en goed in de gaten moet 
warden gehouden door de verzorger. De verzorger kan verder een belangrijke rol 
spelen bij het voorkomen van gevolgschade bij verlamde spieren en gewrichten, 
door te beginnen met passieve oefeningen. Aandacht moet er oak zijn voor 
verwardheid en angst. Deze laatste kan met behulp van een goede voorlichting 
echter effectief verminderd warden. 

De meestal al aanwezige chronische ziekten bij CVA patienten, zoals 
diabetes mellitus en decompensatio cordis, dienen zorgvuldig te warden behandeld. 
Echter bij hypertensie-bestrijding dient men terughoudend te zijn aangezien: 
- door het uitvallen van de autoregulatie de bloeddrukdaling soms snel verloopt en 
zodoende de hersenschade bevordert. 
- reactieve hypertensie na een beroerte als "stress reactie" tot zekere hoogte 
geaccepteerd mag warden als fysiologische reactie. 
Bij hypertensieve encefalopathie en dreigende hypertensieve orgaanschade is, 
daarentegen, acuut ingrijpen ge'indiceerd. 

Chronische fase: 
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Dit is het stadium waarin zorg belangrijker is dan diagnostiek en oak 
verschuift de aandacht van be'invloeding van de beperking naar aanpassing aan de 
nieuwe situatie (revalidatie). Een optimale kwaliteit van leven is hierbij het einddoel. 
Daartoe is het belangrijk om zowel de patient als diens omgeving te ondersteunen en 
informatie te geven over de nieuwe situatie. Alhoewel vooral de eerste weken moet 
de formulering van de prognose zeer voorzichtig gebeuren. 

In deze fase verschijnen meestal oak nieuwe hulpverleners ten tonele, zoals 
de wijkverpleegkundige, fysiotherapeut, ergotherapeut en eventueel psycho
therapeut. De kwaliteit van de zorg wordt dan ook in hoge mate bepaald door de 
samenwerking tussen de verschillende disciplines. Dit kan bevorderd warden door 
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afspraken te maken in een functioneel netwerk bijvoorbeeld "Stroke unit". In zo'n 
unit speelt de huisarts een coordinerende rol als "case-manager" en zorgt voor een 
goede afstemming tussen wijkverpleegkundige (gezins)zorg, fysiotherapie, neuroloog, 
reval idatie-arts en verpleeghuisarts. 

Het te bereiken niveau van functioneren is slechts gedeeltelijk afhankelijk 
van de ernst van het CVA. De AOL score is bijvoorbeeld in belangrijke mate afhanke
lijk van de aard en omvang van de co-morbiditeit en de duur van de bedlegerigheid. 
In het algemeen is de revalidatie niet in de eerste plaats gericht op de verbetering van· 
het spontane, neurologische herstel, maar op de aanpassing van de patient en diens 
omgeving aan de gevolgen van het CVA. Daartoe moet de patient gemotiveerd en 
gestimuleerd warden om zijn mogelijkheden te kennen en te gebruiken. Een goede 
mantelzorg kan in dit verband essentieel zijn. 

De motoriek is bij de meerderheid van de patienten met een CVA na enkele 
maanden dusdanig verbeterd dat lopen over een beperkte afstand weer mogelijk is. 
Echter de kans om te val len is oak toegenomen en hiermee dient men (vooral bij 
oudere patienten) rekening te houden. Eventueel is hulp in de vorm van 
hulpmiddelen en aanpassingen gewenst. Hierbij kan gedacht warden aan 
lichaamsgebonden en niet-lichaamsgebonden hulpmiddelen. De patient is gebaat 
met informatie, van bijvoorbeeld een revalidatie-arts, bij de keuze van hulpmiddelen 
en het aanvragen hiervan .  

Cognitieve defecten en emotionele problemen zijn veelal aanwezig en 
dienen goed onderzocht te warden. Eventueel moet de hu lp  gezocht warden van een 
neuropsycholoog. Bekend zijn de zogenaamde "post-stroke depressive disorders" die 
bij ongeveer een derde van de patienten voorkomt. Van deze groep blijkt na 7 < 8 
maand nag 1 0  % depressief te zijn. Desondanks wordt deze depressie bij de meeste 
patienten niet behandeld en het verdient dan oak aanbeveling onderzoek te 
verrichten naar effectieve behandelingen hiervan. 

Preventie: 

Ondanks alle maatregelen die na een CVA getroffen warden, blijft 50 % van 
de CVA patienten in zekere mate of ernstig invalide. Een kwart blijkt ten gevolg van 
dit CVA te overlijden terwijl een even groat gedeelte volledig herstelt. De totale 
kosten voor eerste ziekenhuisopnames van CVA-patienten bedragen tussen de 300-
400 miljoen gulden ( 199 1 ). En aangezien therapeutische interventies beperkt 
mogelijk zijn is het dus essentieel veel zorg te besteden aan primaire preventie. 
Risicofactoren voor een (herhaalde) CVA zijn in de eerste p laats leeftijd en 
hypertensie, daarom is de behandeling van hypertensie oak altijd zinvol. Verder zijn 
bestrijding van hypercholesterolemie en roken belangrijk bij de preventie van een 
CV A. In de toekomst kunnen (in risicopatienten) misschien oak bepaalde preventieve 
farmacologische behandelingen zorgen voor een beter bescherming tegen CVA. 
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1 .  DESCRI PTION 

Silver-impregnation methods for the staining of nervous tissue were 
introduced at the beginning of th is  century by Ramon y Cajal 23 and Bielschowsky 1 

and initially appreciated for their capacity to reveal the normal histology and fibre 
architecture of the brain. Later various modifications were developed for example for 
selective staining of different cell-types4, cytoplasmic structures like the 
mitochondria7 and lysosomes8, and neurons14'7 and "Wallerian" or fibre4•0•8•20 

degeneration. Today, silver-impregnation methods are appreciated in experimental 
neuropathology research because certain modifications reveal traumatised neurons in 
a Golgi-like manner7

• In th i s  paper, experiences with the silver-impregnation 
procedure of Gallyas et al.,8 in the field suggested by Nadler and Evenson, 1� are 
described. Also, some improvements are introduced that affect the number of 
sections that can be stained simultaneously, the reproducibi l i ty and the storage life. 

An acute or delayed consequence of various pathological conditions 
including cerebral ischemia, is the formation of so-called "dark" or traumatised 
neurons 2•7 These cells exh ibit shrunken outlines, corkscrew-like dendrites, pycnotic 
nuclei and show an unusually high affinity for various histological stains. Silver
impregnation techniques have become valuable tools for demonstrating traumatised 
neurons and for studying drug treatment effects on the size of the affected regions. 

2. TYPE OF RESEARCH 

A Identification of degenerating nerve cells and processes after brain injury. 
B Mapping of connections in the brain. 
C Staining of macrophages or microglia. 

3. TIME REQUIRED 
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A Survival time: 3 hr - 10 days. 
B Perfusion-fixation: 30 minutes. 
C Preparation of stock solutions for rinsing, si lver impregnation and 

development: 3 hr. 
D Dissection of the brain and post-fixation: 48 hr. 
E Cryoprotection: 1 2  - 16  hr. 
F Sectioning and staining: 5 hr. 
G Mounting, drying, coverslipping: 4 - 6 hr. 
Total time required: 6 - 16 days. 
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4. MATERIALS 

4.1 Special Equipment: 

Serial free floating sections are collected in 25-well petri-dishes (nr. 638102; 
Greiner Labortechnik, Maybachstrasse 2, D-7443 Frickhausen, Germany) . Sections 
selected for silver impregnation are transferred to 1 5  ml "multi-purpose containers" 
(nr. 203170; Greiner Labortechnik, Germany) with self perforated snap-lids 
containing a piece of nylon gauze (polyamid mono, maze-size: 390 * 390 µm No. 
PA-540/39; Nybolt, Zurich, Switserland). Multi-purpose containers and nylon gauze 
snap-lids are used once. Incubations are done on a Heidolph REAX-3 (Heidolph, 
Germany) rotator. 

4.2. Chemicals and Reagents 

Ammonium nitrate p.a. ( 1 188; Merck, Darmstad, Germany); citric acid p.a. 
(244; Merck); DePeX (BDH, Poole, U.K.); 96% ethanol; 37% formaldehyde solution 
(4003; Merck); gelatin (0143-01 ; Difeo, Detroit, U.S.A); paraformaldehyde (4005; 
Merck); potassiumchrom(ll l)-sulfate p.a. (1036; Merck); sodium azide (822335; 
Merck); sodium carbonate p.a. (6392; Merck); sodium hydroxide p.a. (6498; Merck); 
sodium nitrate p.a. (6537; Merck); sodium thiosulfate-pentahydrate p.a. (6513; 
Merck). 

QUICK PROCEDURE 

A. Conduct the surgical procedure to induce neurodegeneration. 
B. Following surgery, allow the animal to recover and survive. 
C. Fix the brain via perfusion-fixation. 
D. Prepare serial cryostat sections. 
E. Prepare stock solutions. 
F. Wash in pre-treatment solution. 
G. Conduct the impregnation and development steps of the silver staining. 
H. Fix the silver deposited in the tissue sections. 
I. Mount, dehydrate and embed the sections. 

J. Analyse the results. 
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5. DETAILED PROCEDURE 

A Conduct the surgical procedure to induce neurodegeneration 
For generating neurodegeneration several methods have been introduced, 

such as sectioning of peripheral nerves,5 stereotaxic knife-cuts,4· 17 pressure and 
electrolytic lesions, 4'

28 suicide transport of lectins29 and pressure or iontophoretic 
injections of neurotoxins like 6-hydroxydopamine, 1 � kainic acid24

•
2 5  and 1-methyl-4-

phenylpyridinium ion (MPP + )27 or the neurotransmitter glutamate. 19
•
22 

Adrenalectomy15 and global or focal cerebral ischemia, induced either by temporary 
occlusion of the middle cerebral or carotid arteries or cardiac silencing3

•
9

•
10

•
1 1• 16•2 1 • 1 4  are 

other alternative methods for generating brain injury. The latter techniques are 
employed in experimental stroke research for developing neuroprotective treatment 
strategies.1 1

'
1 3'18

' 
14 

B Following surgery, allow the animal to recover and survive 
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All methods for inducing neurodegeneration described in section SA involve 
surgery, anaesthesia of the animals and subsequent recovery. After the recovery, the 
animals can be returned to the home-cage and may have free access to water and 
food during the survival-period. 
Survival-time 

Neurodegeneration patterns in the brain critically depend on the method that 
was used for the induction of the damage and also on the duration of the subsequent 
survival-time. 
• B . 1  For mapping of damaged brain areas after experimentally induced stroke, for 

example with procedures involving combined temporary unilateral carotid artery 
occlusion and hypoxia, survival-times of 3 hours to 1 week were used by us. 1 3• 1 4 

Between 3 to 24 hr of reperfusion, selective silver staining was observed 
unilaterally in the affected areas of the forebrain, showing a progressive but 
reproducible staining pattern at the different time points. The argyrophilia 
appeared exclusively in neurons and dendrites after short survival times, later on it 
also affected the presynaptic fibers that terminate in the traumatised area which 
resulted in a pattern of diffuse labelling after 24 hr. After longer survival times 
additional neuronal groups became argyrophilic, for example in the penumbra of 
the acutely injured areas and on the contralateral side. This label l ing may 
represent damage that is related to a process called "delayed neuronal death". 
Neuropathological effects of adrenalectomy-induced glucocorticoid depletion 
were revealed in the h ippocampal dentate gyrus between 2 days and 3 weeks after 
surgery.1 5  
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• 8.2 For neuroanatomical tract-tracing studies of efferent connections, electrolytic 
or knife-cut lesions are preferred usually in combination with survival-times of 7 -
1 0 days.4

•
6•8•2

0•
28 This stains optimally the degenerating, distal parts of damaged 

axons. 
• 8.3 Macrophages/microglia staining in the inflammatory sites of the chronic 

Experimental Allergic Encephalomyelopathy (EAE) multiple sclerosis animal 
model, is optimal 8 - 21 days after induction of the disease (unpublished results). 

C. Fix the brain via perfusion-fixation. 

After the appropriate survival-time the animals are re-anaesthetised and 
prepared for transcardial perfusion-fixation. Perfume subsequently 50 ml heparinised
saline (10 IE/ml) and 350 ml phosphate buffered 4% paraformaldehyde (0.1 M, pH 
7.4) solution, remove the brain and store it in the same fixative solution for 48 hr 
post-fixation at 4°C. Cryoprotect the brain overnight in a phosphate buffered 20% 

sucrose solution (0. 1 M; pH 7.4) at 4°C. 

D. Prepare serial cryostat sections. 

Quickly freeze the specimen with carbon dioxide or dry-ice, place the frozen 
tissue in a cryostat microtome and allow temperature adjustment to -12 to - 18°C 
during approximately 15-20 minutes. Prepare serial coronal sections of 25-40 µm and 
collect them in a 25-well petri-dish containing 0.1 M phosphate buffer (pH 7.4) with 
0. 1 % sodium azide. This medium is suitable for long-term section storage at 4°C. 
Sections stored in 0. 1 M borate buffered 4% paraformaldehyde solution (pH 9.0) will 
also give reliable staining results. 

E. Prepare stock solutions 

Prepare one litre stock solutions of: 
a. 9% sodium hydroxide (90g/l), 
b. 1.2% ammonium nitrate (12 g/I), 
c. 16% ammonium nitrate (160g/l), 
d. sodium carbonate - dissolve 5 g bisodium carbonate in 600 ml distilled 

water, add 300 ml 96% ethanol, mix and complete to 1 I with distilled 
water, 

e. developer solution - made up of 0.57 g citric acid dissolved in 700 ml 
distilled water, 15 ml 37% formaldehyde solution and 100 ml 96% 
ethanol. This mixture should have a pH of 6.0 (adjust with 9% sodium 
hydroxide solution (1)) Complete the volume to 1 litre with distilled water. 
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f. silver fixation solution - contains 37.5% sodium thiosulfate pentahydrate. 
This solution must be fresh and should be prepared less than 1 hr before 
use. 

g. Prepare at this point in the silver impregnation procedure 10 ml 50% 
silver nitrate (5g/10ml) solution. 

Note: Stock solutions for silver impregnation must be prepared and stored in 
superclean glassware. Stocks can be stored in the dark at room temperature, 
preferably in brown-bottles, and should be refreshed every 4 - 6 weeks. 

F Wash in pre-treatment solution 
Select sections for silver impregnation and place them in multi-purpose 

containers (see Materials) containing distilled water. Each container may hold 15 - 30 
sections. Seal the containers with clean - unused - nylon gauze snap-lids and then 
rinse the sections 3 * 5 minutes in distilled water using a decantering method for 
refreshing of the solutions. Thereafter the sections are washed 3 - 5 * 5 minutes in 
pre-treatment solution, consisting of 9% sodium hydroxide diluted 1 : 1 with 1.2% 
ammonium nitrate stock solution (pH - 11.9). Pre-treatment washing is done at 
room temperature (20-24°() under daylight conditions and with continuous agitation. 

G Conduct the impregnation and development steps of the silver staining. 
Remove the pre-treatment solution from the containers and add impregnation 

medium consisting of 9% sodium hydroxide diluted 1 . 5  : 1 with 16% ammonium 
nitrate stock, mix and than add per 40 ml impregnation solution 240 µI 50% silver 
nitrate. Incubate 10 minutes on a rotating shaker at room temperature, again under 
daylight conditions. 

Decant the impregnation medium and wash 3 * 5 minutes with sodium 
carbonate stock solution. Add, before use 1 ml 1.2% ammonium nitrate solution to 
100 ml sodium carbonate stock. After this pre-development washing the sections are 
placed in the developer solution for 1-4 minutes. Add before use 250 µI 1.2% 

ammonium nitrate stock solution to 50 ml developer mix. The development reaction 
is done at room temperature under daylight conditions and without agitating the 
sections. 

H Fix the silver deposited in the tissue sections 
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Decant the developer and add the 37.5% sodium thiosulfate silver fixation 
solution. Incubate during 4 minutes and then start post-development rinsing with 



Silver staining of traumatised neurons 

distilled water. We recommend 3 - 5 washes of 5 minutes. Note: the sodium 
thiosulfate solution must be fresh. 

I Mount, dehydrate and embed the sections 

If necessary, silver impregnated sections can be stored for upto 24  hours in 
0.1 M phosphate buffer (pH 7.4) at 4°C . We recommend, however, immediate 
mounting with a gelatin/chrome alum solution, consisting of 1 g gelatin and 150 mg 
potassiumchrom(ll1)-sulfate per 100 ml distilled water. Air-dry mounted sections 
overnight, dehydrate in graded ethanol solutions, place the slides in xylol and embed 
with DePeX. 

J Analyse the results 

Argyrophilia can be analysed both with bright- and darkfield microscopy. 
Using brightfield illumination, silver impregnated neurons are recognisable as black 
spiny structures on a light-brown background. Such silver impregnated cells appear 
as bright white or gold coloured structures on a black background with darkfield 
illumination. This illumination also clearly shows the staining of capillary basement 
membranes. Photomicrographs can be made both with bright- and darkfield 
illumination. For overviews, the darkfield illumination is preferred by us. 

6. RESULTS 

Silver impregnation with our improved Gallyas-procedure reveals selective 
argyrophilia of traumatised neurons in sections of hypoxidischemic brains, both i n  
the acute stage and phase of delayed neuronal death. However, the labelling patterns 
vary considerably with increasing reperfusion times. In the early, acute stage (3-6 hr 
reperfusion) only neurons and dendrites in the injured areas such as the cortex, 
striatum, dentate gyrus and substantia nigra show argyrophilia. After 24 hr 
reperfusion, the intensity of neuronal and dendritic labelling in the acutely injured 
areas has decreased and previously unlabeled neurons in the penumbra - an area 
surrounding the acute injured part containing threatened neurons - have become 
argyrophilic. Moreover, silver now also accumulates in fibers that innervate the 
affected areas. At this reperfusion time diffuse silver depositions delineate the acutely 
injured areas. Adjacent sections show in these injured areas reduced Glial Fibrillary 
Acidic Protein (GFAP) and increased macrophages/microglial marker (respectively 
ED1/OX6 (obtained from Dr. L. De Ley, Immunology, Groningen, The Netherlands) 
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Figure 1. Series of brightfield photomicrographs of Niss/ stained (A, CJ and silver 
impregnated (B,DJ sections of the dentate gyrus from rats that survived 24 hr (A, BJ and 7 
days (C,DJ after transient hypoxialischemia (note: arrows in A point to "dark neurons'J_ 
After 24 hr reperfusion argyrophilic cells are present in the hi/us of the dentate gyrus (BJ, 
and after 7 days in field CA3c (DJ. The hi/us is neuron poor after 7 days which shows that 
argyrophilic neurons seen after 24 hr are dying. 

and MUCl 02 (obtained from Dr. G.W. Kreutzberg and Dr. J .  Gehrmann, MPI
Psychiatry, Martinsried, Germany}) immunoreactivity. 

Long reperfusion times (3 - 7 days) show argyrophi l ia in regions that were 
previously not affected by the transient hypoxia/ischemia (Figure 1 } .  In our 
experimental set-up, involving simultaneous unilateral carotid artery occlusion and 
hypoxia, acute unilateral damage is induced in the dorsal hippocampus and dentate 
gyrus, striatum, cortex, ventrolateral thalamus and substantia nigra . After 3 days of 
reperfusion, traumatised neurons are also identified on the contralateral side, in for 
example the hippocampal CA 1 area and parts of the frontal cortex. This late 
argyrophil ia  is associated with a process known as "delayed neuronal death" .  These 
areas exhibit a reduced (i) GFAP immunoreactivity and contain (ii) so-cal led "dark" 
neurons and (iii} activated macrophages/microgl ia. 

The Gal lyas method was employed successful ly by us5 and othersl6 for 
revealing the fibre degeneration in the corpus cal losum after implantation of micro
dialysis probes, neurodegeneration in the dentate gyrus after adrenalectomy-induced 
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chronic glucocorticoid depletion 14 and infiltrating macrophages or activated microglia 
cells in a chronic EAE model. 

A possible drawback of the procedure may be the concurrent silver 
deposition in capillary basement membranes. This labelling, however can easily be 
distinguished from the Golgi-like staining of neurons. Non-specific silver depositions 
may be present in the brainstem and spinal motorneuron cell groups, in the 
gigantocellular reticular formation, nucleus ruber, the thalamic perifascicular and 
lateral hypothalamic nuclei. Such non-specific argyrophilia is less intense and it 
appears as a faint orange coloured labelling with darkfield illumination. The specific 
silver depositions have a white colour with this type of illumination. 

7. DISCUSSION 

A silver impregnation method is described that stains traumatised neurons. 
These neurons subsequently develop argyrophylia and will eventually die. In the 
label led areas only a few viable neurons are identified with N issl stains after 
prolonged reperfusion times. Moreover in the affected area the 
microglia/macrophages are activated. Therefore this silver impregnation procedure is 
considered a reliable method for revealing degenerating neurons. 

Gallyas and co-workers8 have introduced this method in 1980 and its 
applicability in experimental neuropathology research was suggested by Nadler and 
Evenson. 1 9  Their very detailed description of the Gallyas procedure was the starting 
point for the improvements shown here. Introduced were i) the fixation of the 
deposited silver and ii) the use of multipurpose containers with perforated snaplids. 
The latter improvement increased the number of sections that can be simultaneously 
impregnated; we stain upto 35 sections of 40µm thick sections per container. These 
containers are very easy to manage and at least 20 of them can be processed in one 
run. This improves the reproducibility of the method and it reduces the needed 
amounts of stock solution 

7. 1 Trouble-shooting 

A Background labelling too high. 
Insufficient pretreatment washing (step F) of the sections is the main cause of 

non-specific silver deposition. Two additional 5 minute pretreatment washes may 
reduce this background staining. The colour adopted by the silver impregnation 
solution, added in the next step of the procedure, is a marker for the amount of non
specific silver deposition. Good or reasonable signal-to-noise ratios are obtained with 
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bright colourless and light grey coloured impregnation solutions. Dark solutions, 
however, produce vast silver deposition on the sections and lead to bad signal-to
noise ratios. In case of rapid silver deposition on the sections, one should proceed 
immediately with the sodium carbonate washing to terminate the silver impregnation 
reaction. 
note: always use superclean glassware. 

B Lacking argyrophilia 
The following aspects may be a cause of lacking argyrophilia: 1 )  the neuronal 

"damage" was not introduced, 2) the survival (reperfusion) time employed was not 
optimal and either too short or too long, 3) the pH, molarity or dilution of the 
solutions were out of range or the stock solutions were too old 4) the used glassware 
was not impeccably clean. 

7.2 ALTERNATIVE AND SUPPORT PROTOCOLS 

A The Gallyas argyrophil Ill method. 
In 1990, Gallyas and co-workers7 introduced the so-called argyrophil Ill 

method for the selective demonstration of "dark" or traumatised neurons in frozen, 
vibratome and paraffin sections obtained from aldehyde-fixed brains. This methods 
gives a Golgi-like staining of neurons and allows neuron classifications. The staining 
procedure includes an esterification with 1-propanol, a treatment with diluted acetic 
acid and development. The esterification strongly increases the argyrophilia of both 
"dark" neurons and mitochondria. Undesired co-staining of mitochondria is 
suppressed by the acetic acid treatment, while a special developer is used to render 
the staining controllable. The argyrophil Ill method probably gives a better signal-to
noise ratio than the method we have described here. However, the procedure is 
longer and takes at least 2 weeks. 

B Tetrazolium-salt stain. 
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Histochemical stains employing tetrazolium salts show oxidation-reduction 
enzyme activity in fresh, unfixed brain slices. In viable neurons and glial cells the 
tetrazolium-salt (2,3,5-triphenyl-tetrazolium-chloride) is reduced by dehydrogenases 
to a purple-coloured formazan. Degenerating cells lack such viable dehydrogenases 
and will remain colorless. 1 1  The method is rapid and rel iable but the need of fresh 
unfixed tissue (250-500 µm thick razor blade sections) may be a disadvantage for 
additional immunocytochemical staining of adjacent sections. Tetrazolium stains are 
predominantly used for macroscopic damage assessments. 
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C. Heat-shock proteins. 
Brain injury is associated with changed gene expression. Expression of heat

shock protein 72 (HSP72), a member of the family of 70 kDa heat shock/stress 
proteins, is a widely studied component of the generalised cellular response to injury 
known as the stress response. Available evidence suggests that this stress response is 
an important component of the cellular defence mechanisms, and that successful 
accumulation of HSP's is critical to survival. 

After ischemic damage, HSP72 immunocytochemistry revealed the 
compromised neurons in the hippocampus in a Golgi-like manner. 10 This expression 
was minimum at 12 hr, and peaked at 24 hr in the hilus and 48 hr in stratum lucidum 
interneurons in CA3. Hsu and Buzsaki 10 conclude that in general there is a good 
correspondence between the induction of HSP72 immunoreactivity and silver 
impregnation (argyrophil I l l  method). That is, HSP72 immunoreactivity was only seen 
in those neuronal populations that were also silver stained in separate or the same 
preparations. We have employed HSP72 immunocytochemistry and silver 
impregnation on adjacent sections for additional evidence with respect to damage 
reduction by neuroprotective drugs. 

D Hematoxylin-eosin histochemistry. 
Hematoxylin-eosin (HE) histochemistry is often used in experimental 

neuropathology research for damage assessment. Injured areas are characterised by 
pale staining and moderate swelling of the neuronal cytoplasm. 
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FrPam frontoparietal cortex, motor area 
M anterior amydaloid area FrPaSS frontoparietal cortex, somatosensory area 
ACg anterior cingulate cortex GP globus pallidus 
Acb nucleus accumbens CPX glutathione peroxidase 
ACo anterior cortical amygdaloid nucleus CSH reduced glutathione 
AHi amygdalohippocampal area CSH-red glutathione reductase 
AHy anterior hypothalamic area cssc oxidized glutathione 
AM anteromedial thalamic nucleus HDB horizontal diagonal band nucleus 
APT anterior pretectal area ic internal capsule 
APTD anterior pretectal area, dorsal part lnC intermediate gray layer of the superior 
APTV anterior pretectal area, ventral part colliculus 
AV anteroventral thalamic nucleus lnWh intermediate white layer of the superior 
BL basolateral amygdaloid nucleus colliculus 
BM basomedial amygdaloid nucleus IPC interpeduncular nucleus, central part 
BST bed nucleus of the stria terminalis IPIP interpeduncular nucleus, inner post 
BSTL bed nucleus of the stria terminalis, subnucleus 

lateral part KF kolliker-Fuse nucleus 
BSTM bed nucleus of the stria terminalis, LA lateral amygdaloid nucleus 

medial part LC locus coeruleus 
BSTPO bed nucleus of the stria terminalis, LD laterodorsal nucleus thalamus 

preoptic part LH lateral hypothalamic area 
Cl ansiforme lobule, crus 1 LHb lateral habenular nucleus 
C2 ansiforme lobule, crus 2 II lateral lemniscus 
CAl field CA 1 of Amman's horn LM lateral mammillary nucleus 
CA2 field CA2 of Amman's horn LMol lacunosum moleculare of the hippocampus 
CA3 field CA3 of Amman's horn LOT nucleus lateral olfactory tract 
CA4 field CA4 of Amman's horn LP lateral posterior nucleus thalamus 
CAT catalase LPO lateral preoptic area 
cc Corpus Callosum LS lateral septum 
Ce central amygdaloid nucleus LSD lateral septal nucleus, dorsal part 
cc central gray matter LSI lateral septal nucleus, intermediate 
CCD central gray matter, dorsal part part 
cic commissure of the inferior colliculus LSO lateral superior olive 
CICDM central nucleus of the inferior LSV lateral septal nucleus, ventral part 

colliculus, dorsomedial part LTz lateral trapezoid nucleus 
CICVL central nucleus of the inferior LV lateral ventricle 

colliculus, ventrolateral part m5 motor root trigeminal nerve 
CM central medial nucleus thalamus mcao middle cerebral artery occlusion 
Cnf cuneiform nucleus mcp middle cerebellar peduncle 
CPu Caudate putamen MD medial dorsal nucleus thalamus 
CxA cortex-amygdala transition zone Me medial amygdaloid nucleus 
DA dorsal hypothalamic area Me5 mesencephalic trigeminal nucleus 
DC dentate gyrus mfb medial forebrain bundle 
DLC dorsal lateral geniculate nucleus MC medial geniculate nucleus 
DLL dorsal nucleus of the lateral lemniscus MCD medial geniculate nucleus, dorsal part 
DM dorsomedial hypothalamic nucleus MCM medial geniculate nucleus, medial part 
DPB dorsal parabrachial nucleus MCV medail geniculate nucleus, ventral part 
DPg deep grey layer of the colliculus superior ml medial lemniscus 
DPMe deep mesencephalic nucleus ML medial mammillary nucleus, lateral part 
DPWh deep white layer of the colliculus MnR medial raphe nucleus 

superior MS medial septal nucleus 
DR dorsal raphe nucleus MSO medial superior olive 
EiC external nucleus of the inferior colliculus mt mammilothalamic tract 
Ent entorhinal cortex MTz medial trapezoid nucleus 
f fornix Mo5 motor trigeminal nucleus 
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MPO 
OP 

PaS 
PB 
PBg 
PCg 
PH 
PIR 
PMCo 

Pn 
PnC 
PnO 
PO 
Po 
PPT 
PPTg 
Pr5 
PRS 
PT 

PY 
R 
RMC 
RPn 
RRF 
rs 
RSpl 
RtTg 
s5 
scp 
SI 
sim 
SOD 
SNC 
SNR 
st 
SuG 

Te 
TeAuD 
TG 
TS 
VCoA 
VDBV 

VL 
VLL 
VM 
VMH 
VP 
VPB 
VPL 

VPM 

ABBREVIATIONS 

medial preoptic area 
optic nerve layer of the superior 
colliculus 
parasubiculum 
parabrachial nucleus 
parabigeminal nucleus 
post cingulate cortex 
posterior hypothalamic nucleus 
piriform cortex 
posteromedial cortical amygdaloid 
nucleus 
pontine nuclei 
pontine reticular nucleus, caudal part 
pontine reticular nucleus, oral part 
prepiriform cortex 
posterior nucleus thalamus 
posterior pretectal nucleus 
pedunculopontine tegmental nucleus 
principal sensory trigeminal nucleus 
presubiculum 
paratenial nucleus thalamus 
pyramidal tract 
red nucleus 
red nucleus, magnocellular part 
raphe pontis nucleus 
retrorubral field 
rubrospinal tract 
retrosplenial cortex 
reticulotegmental nucleus pons 
sensory root trigeminal nerve 
superior cerebellar peduncle 
substantia innominata 
simple lobule cerebellum 
superoxide dismutase 
substantia nigra, pars compacta 
substantia nigra, pars reticulata 
stria terminalis 
superior gray layer of the superior 
colliculus 
temporal cortex 
temporal cortex, auditory area 
dorsal tegmental nuclei 
triangular septal nucleus 
ventral cochlear nucleus, anterior part 
nucleus vertical limb of the diagonal 
band, ventral part 
ventrolateral nucleus thalamus 
ventral nucleus of the lateral lemniscus 
ventromedial nucleus thalamus 
ventromedial hypothalamic nucleus 
ventral pallidum 
ventral parabrachial nucleus 
ventroposterior nucleus thalamus, 
lateral part 
ventroposterior nucleus thalamus, 

medial part 
VT A ventral tegmental area 
VTg ventral tegmental nucleus 
xscp decussation superior cerebellar peduncle 
ZI zona incerta 
7n facial nerve 
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Het verblijf op de afdel ing biologische psych iatrie en met name op de zevende 
verdieping is een aparte belevenis. In deze "goed lopende proefschriften-mach ine" wordt er 
enerzijds n iets en anderzijds veel van je verwacht. Je krijgt de bijna absolute vrij heid om je  
eigen onderzoek zelf in  te  vul len en  op  te  zetten, maar anderzijds is  e r  veel d ruk  om dat dan 
wel snel af te ronden. lk  ben Gert Ter Horst en Jaap Korf dan oak dankbaar dat ik  bij de 
invu l l ing van dit  promotieonderzoek een u i termate grate vrijheid heb kunnen nemen.  Deze 
grate vrijheid is het best ge'i l lustreerd door de beginfase van dit onderzoek. Al hoewel het 
oorspronkel i jk project over vrije radicalen en de z iekte van Parkinson had moeten gaan werd 
d i t  na de verhu izing vanuit  de vakgroep Neurobiologie en Orale Fysiologie al gauw 
veranderd in de rol van vrije radicalen bij ischemie/hypoxie. 

lk heb de promotie tijd n iet a l leen beschouwd als een interessante u i tstap in  de 
research oak was er in deze periode tijd voor een (her)orientatie op de toekomst. Dit is  denk 
ik  een van de leukste charmes van de vakgroep omdat een ieder naast de eigen l ij ke 
hoofdtaak, promoveren, ook wordt gestimuleerd na te denken over een toekomst zonder 
research. Voor mij was dit de studie geneeskunde en het doet mij dan ook veel vreugd dat 
zowel Jaap als Gert mij de kans hebben gegeven om dit af te ronden. 

Ondanks het grate beroep dat wordt gedaan op je eigen inz icht en 
doorzett ingsvermogen zou een groat deel van dit proefschrift n iet mogel i jk zijn geweest door 
de inzet van de grotendeels zelfstandige u itgevoerde projecten van verschi l lende doctoraal 
studenten biologie en geneeskunde. In volgorde van binnenkomst waren d i t  Harold Hom, 
Bauke Stuiver, Walter Aukema, Jan Wil lem E l ting, Serge van de Witte, Richard Kemper en 
Penny Hol loway. Het doet me deugd dat deze "samenwerking" projecten zonder 
u i tzondering vruchtbaar zijn verlopen. Mijn verbl ijf op de vakgroep doet m ij a l les met a l les 
terugkijken op een leuke tijd n iet in de laatste plaats vanwege de aanwezigheid van al d ie  
andere (ex)-AIO's/promovendi  Harm, Helma, H ugo, Inge, Jacquel i ne, Renger, Jaep, Menno, 
Henk, Lucia, Bart en natuurl ijk paran imf Richard. 

De vele samenwerkingen heb ik als bijzonder stimu lerend ervaren. Zo heeft Coby 
Meijer m ij ingewijd in de wereld van de biochemische activiteiten. Van de samenwerking 
met H ugo Jansen en H enk Stevens heb i k  geleerd dat de combinatie van k l i n isch en 
prekl in isch onderzoek leuk en vruchtbaar kan zijn en dat well icht daar een leuke toekomst 
l igt. Van mi jn oud-kamergenoot Harm " loverboy" Krugers heb ik veel kenn is opgedaan over 
corticostero'iden en stress. En ik kan mij n iet aan de indruk onttrekken dat tijdens een aantal 
van onze vele gesprekken een grate hoeveelheid van beide aanwezig waren. Ook de 
samenwerkingen met Henk Everts, G ineke de Jong, Menno Knigge en Rick Dijkhu izen 
mogen hier n iet ontbreken 

De andere col lega's van de biologische psychiatrie (Kor, R ikje, Lammy, Tineke K., 
Jacco, Mary en Cees) wil ik h ierbij ook al lemaal bedanken. Natuurl i jk mag i k  Folkert 
Postema n iet vergeten die vele perfecte z i lver kleuringen heeft verricht en die je alt i jd precies 
kon uit leggen hoe het eigen l ijk hoorde en hoe het precies zat. Wi l l ie  Krop als ik aan jou 
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denk, denk ik aan gezel l ig roddelen. Tineke Sebens wi l ik bedanken voor het h istorisch 

perspectief waarin ze al les, aangaande de vakgroep, wist te plaatsen . 

Alhoewel de periode b ij de ter ziele gegane vakgroep Neurobiologie en Orale 

Fysiologie kart en hevig was, is toen vooral de steun van N ieske Brouwer belangrijk geweest. 

En ik moet zeggen dat i ii waarsch ijn l ij k  gelijk hebt gehad. Maar ja, . . .  al experimenterend 

leert men. 

Mijn ouders bedank ik  voor hun nooit aflatende steun en voor de zorg waarmee zij 

mij hebben omringd. Anja bedankt voor al les! ! !  

Pffffffffffffffffffffffffffffff ........... . . . . . . . . . . . . . .  . 
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