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Preface 

The publication of the Vth International Symposium 1995 on "Mechanisms of Secondary Brain Damage" in 
Mauls/ltaly is a collection of focused reviews reaching from novel molecular- and cell biological findings to 
aspects of clinical management in head injury and cerebral ischemia. A specific purpose of these series of meetings 
introduced in 1984 is for an exchange on problems of mutual interest by international high ranking experts from 
the basic sciences and related clinical disciplines, such as intensive care medicine, neurology, or neurosurgery. 
The present volume covers three major areas: 

(a) Molecular and cell biological mechanisms including inflammation 
(b) Novel findings on mechanisms and treatment in cerebral ischemia 
(c) Secondary processes in head injury, regeneration and treatment 

Molecular- and cell biology is currently attracting attention towards activation of genomic processes associated 
with the demise of cells referred to as "programmed cell death" and "apoptosis" which, actually, might be 
distinguished from each other. Thus, the phenomenon of delayed neuronal death in selectively vulnerable brain 
areas following brief interruption of blood flow is scrutinized as to the contribution of the activation of suicide 
genes. The physiological role of such a response, among others, is removal of surplus neurons during ontogenesis 
of the brain. Yet, evidence is accumulating that similar mechanisms playa role in cerebral ischemia, probably also 
trauma, where nerve- and other cells demonstrate features of apoptosis. Observations on protection of neurons by 
administration of protein synthesis inhibitors in cerebral ischemia provide more direct support. Expression of 
respective immediate early genes has been explored, indicating, that for example c-fos, c-jun, or others, such as 
mkp-l are involved. A clear answer of whether or not the loss of neurons from ischemia or trauma is attributable 
to such controlled biological processes or just resulting from gross injury leading to cell necrosis is clinically 
important, because therapeutical opportunities might thereby emerge. 

Other chapters are dealing with the role of acidosis and intracellular accumulation of Ca++-ions in the above 
processes. Interestingly, an intracellular Ca++-overload might not always represent the final pathway to cell 
destruction, as recent findings in cerebral ischemia indicate a discrepancy between the distribution of brain tissue 
areas with increased Ca++ -accumulation and those with structural damage. As to the role of inflammation, it is 
increasingly obvious that leukocyte/endothelial interactions enhance tissue damage from ischemia. This may also 
hold for the brain, in ischemic infarction, where monoclonal antibodies are available against surface molecules of 
endothelium and leukocytes, which mediate respective interactions. The utilization of such antibodies not only is 
helpful to enhance understanding of underlying molecular mechanisms but also for treatment with promising 
results. The publication further reports on advances to quantitatively analyze the topographic distribution of 
metabolic and hemodynamic changes in focal ischemia with an unmatched resolution. In addition, the significance 
of glutamate overflow in damaged brain tissue, particularly its source of release and the role of receptor subtypes, 
such as the AMP A-moiety remain in the focus of scientific and clinical efforts with growing therapeutical success. 

Ultrastructural, pathophysiological and biochemical phenomena are also explored in head injury with impres
sive subtlety. Findings indicate that diffuse axonal injury, so far considered as manifestation of primary damage, 
might constitute a secondary process raising the possibility for therapeutical interventions. This holds also for the 
activation of microglial cells which are intensively studied in brain trauma due to their capacity of releasing 
powerful cytokines and mediator compounds. Further, in view of potential associations between Alzheimer's 
disease and head injury new data are available on the B-amyloid precursor protein which seem to tighten this link. 
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An illustrative secondary process in brain trauma is the motoneuron response in the brain following axotomy, 
eventually leading to neuronal degeneration and involving a host of molecular and cell biological reactions. 
Respective studies provide evidence that the secondary degeneration of these nerve cells can be prevented by 
supplementation of neurotrophic factors. 

Recent developments at the treatment front expand the current repertoire for cerebral ischemia and trauma. The 
spectrum reaches from novel antioxidative compounds penetrating the blood-brain barrier, to attempts of grafting 
fetal brain tissue, or enrichment of the environment to enhance the sensory input. Whereas the efficacy of fetal 
tissue grafting in cerebral infarction so far is disappointing, the transplant seems to survive and becomes 
innervated. Efforts with a particularly stimulatory environment are more successful to preserve or improve 
functional competence, even though infarct size is not affected. Hence, progress in treatment is accomplished not 
only by pharmacological compounds, but also by improvement in the general management. A case in point is the 
timely induction of thrombolysis in acute cerebral infarction as long as the window of opportunity is open, or the 
prompt reestablishment of cardiovascular competence in head injury patients with simultanous hemorrhagic 
shock by "small volume resuscitation" with hyperosmotic/hyperoncotic solutions. 

Finally, in view of the complex requirements of logistics and management including more specific treatment 
modalities, activities are scaled up at an intemationallevel to advance procedures of testing new protocols for the 
preclinical and clinical care of patients and to obtain more reliable data which is useful for a comparison between 
centers. Noticeable efforts in this context are made by the American and European Brain Injury Consortium 
(ABIC, EBIC). Obviously, improvements in outcome from cerebral ischemia and severe head injury can 
preferably be expected, if the basic sciences and clinical experience are better coordinated - a fascinating as well 
as challenging endeavour. 

We would like to thank the sponsors, Adrianus van de Roemer, and Stan Snowball, Upjohn, who made possible 
the publication of the symposium and - the late Hans Stafler - and his family for providing an unrivaled hospitable 
ambience in the Albergo Stafler in Mauls as a particular fertile ground for frank and spirited discussions. It is also 
a great pleasure to acknowledge support obtained by Raimund Petri-Wieder, Springer, Vienna, and the secretarial 
assistance of Helga Kleylein and Edith Martin. 

Munich, Mainz, and Cologne, March 1996 A. Baethmann 
O. Kempski 
N. Plesnila 
F. Staub 
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Molecular Correlates of Delayed Neuronal Death 
Following Transient Forebrain Ischemia in the Rat 

C. Wiessner, P. Vogel, T. Neumann-Haefelin, and K.-A. Hossmann 

Max-Planck-Institute for Neurological Research, Department for Experimental Neurology, Cologne and Neurologische Klinik, 
Heinrich-Heine Universitiit, Dusseldorf, Federal Republic of Germany 

Summary 

Following transient forebrain ischemia selective and delayed 
neuronal degeneration occurs in the CA 1 sector of the hippocampus. 
It is presently unclear whether this cell death is related to pro
grammed cell death (PCD), which occurs in neurons during develop
ment of the CNS. Recently, the expression of various genes, such as 
c-fos, c-jun, mkp-I, cyclin 01, and hsp70 was found to be associated 
with PCD in model systems. We and others have described that these 
genes are also upregulated in the hippocampus following ischemia. 
Most notably, c-fos, c-jun, and hsp70 are expressed specifically in 
CA I neurons at survival times shortly preceding cell degeneration in 
rat models of global ischemia. In addition, the gene products could be 
detected by immunohistochemical methods, despite a general im
pairment of protein synthesis. These findings are especially relevant, 
since a recent report suggests a functional role for F os family proteins 
and c-jun in PCD in neurons of the superior cervical ganglion. These 
results could be indicative for the occurrence of a PCD-related 
program in CAl neurons and corroborate several other lines of 
evidences, such as occurrence of DNA fragmentation. Clearly, fur
ther studies are necessary to elucidate the functional role of the gene 
inductions following ischemia in vivo. 

Keywords: Gene expression; programmed cell death; hippocam
pus; cerebral ischemia. 

Introduction 

Ischemic brain insults can result in alterations of 
genomic programme in various cell types of the CNS 
[23,39-41]. Gene inductions also accompany delayed 
neuronal death in the hippocampus after ischemia and 
can, therefore, be viewed as molecular correlates of 
neuronal death. The functional relevance for most of 
the investigated gene inductions, however, has not yet 
been fully elucidated. 

Recently, a close association of gene inductions and 
programmed cell death (PCD) has been described in 
several well characterised paradigms ofPCD (Table 1) 

[4,5,7,10,12,32]. PCD is well known to occur in neu
rons during development of the central nervous system 
[24]. Therefore, in principle this naturally occurring 
death programme is intrinsic to each neuron and could 
be activated under pathological conditions. Such 
PCD-triggering events could be disturbances of cal
cium homeostasis, free radical formation, and impair
ment of protein synthesis, all of which are well known 
to occur after cerebral ischemia [16,29,30], and have 
also been implicated in PCD [8,20]. 

The most relevant and best characterised paradigm 
for PCD in neurons is that of cultured neurons from 
the superior cervical ganglion upon nerve growth fac
tor (NGF) withdrawal [8,10,12]. For this paradigm, 
the 'killer protein' hypothesis has been put forward. 
This idea was initially based on the observation that 
protein synthesis inhibitors, if given at the appropriate 
time, can prevent completion ofPCD. Recently, in this 
system the expression of more than 100 genes has been 
investigated, and several were found to be induced in a 
fashion suggesting an involvement in PCD. Among 
them are several immediate early genes (lEGs) such as 
members of the Fos family, c-jun, and mkp-l 
(3CH134) which encodes a dual specificity protein 
phosphatase [34]. In addition, induction of cyclin D 1 -
a regulator of cell division - and the extracellular 
proteases transin and collagenase was observed. For 
Fos family proteins and c-jun it could be demonstrated 
that micro-injection of antibodies could block PCD, 
indicating a functional role for at least one of the F os 
family proteins and c-jun in PCD in SCG neurons. 
Recently, we and others have investigated the postis
chemic expression profiles of several genes, which have 
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Table I. Gene Inductions in Paradigms of Programmed Cell Death 
(PCD) 

PCD paradigm Induced genes Reference 

Cultured SCG c-fos, c-jun, c-myb, Freeman et al., 1994 
neurons upon fosB, junB, mkp-l, Estus el al., 1994 
NGF deprival cyclin D 1, transin, 

collagenase (not c-myc, 
hsp70, sgp-2) 

Neurons in the c-fos Smeyne el al., 1993 
developing CNS 

Lymphoid cells c-fos, c-jun Colotta el al., 1992 
deprived of growth 
factors 

Prostate regression c-fos, c-myc, hsp70, Buttyan el al., 1988 
sgp-2 (= Trpm 2, Buttyan el al., 1989 
Apolipoprotein J) 

been reported to be induced in PCD paradigms 
(Table 1), such as c-fos, c-jun, hsp70, mkp-l, and 
sgp-2. However, these expression profiles have not yet 
been comprehensively discussed in light of the hypo
thesis of the possible activation of PCD. Therefore, in 
this communication we have attempted to reconcile 
our data with this hypothesis. We discuss the data in 
relationship to results obtained in other model of 
global ischemia and to preliminary data of recently 
investigated markers of PCD in our model. 

Material and Methods 

Four- Vessel Occlusion [25,28] 

Male Wi star rats (body weight between 250 and 300 g) were 
anaesthetised with halothane/nitrous oxide (1 %/70°It, respectively). 
On the first day both vertebral arteries were coagulated. On the 
following day, both carotid arteries were occluded with aneurysm 
clips for 30 min under continuous EEG monitoring. Body tempera
ture was maintained at 37°C using a heating pad. Brain temperature 
was monitored, but not kept constant during ischemia, because this 
requires heating of the head, which introduces a complicating factor 
and aggravates the ischemic injury. Only animals with complete EEG 
flattening shortly after occluding the carotid arteries and without 
convulsions in the survival period were used in the study. Four 
animals per time point were decapitated under deep anaesthesia at 15 
min, 30 min, 1 hour, 6 hours, 12 hours, 1 day, 2 days, 3 days, and 7 
days after recirculation and the brains were frozen in isopentane at 
-70°C. Cryostat sections (1 0 ~m) were thawmounted on poly-lysine 
coated glass-slides and fixed for 15 minutes in 4 % paraformalde
hyde/phosphate buffered saline. In each animal the extent of neu
ronal damage was evaluated by histology using cresyl violet (Nissl) 
staining. 

Probes 

Oligonucleotide probes were radioactively labelled with ter
minal deoxynucleotidyltransferase (Life Technologies, Eggenstein, 

C. Wiessner et al. 

Germany) and 35S-dATP (1200 Ci/mmol) to a specific activity of 
>0.5 x 109 dpm/~g. C-fos, c-jun, mkp-I, hsp70, and sgp-2 probes 
have been described previously [22,39,43], the transin probe was 
complementary to positions 237-266 of rat transin-2 [2]. 

In situ Hybridisation 

In situ hybridisation with oligonucleotide probes was performed 
as described previously [22]. Briefly, tissue sections were acetylated 
with acetic anhydride in triethanolamine. Following dehydration 
1 0 ~I hybridisation buffer (2 x SSC, 50 % formamide, 10 (Yo dextrane 
sulphate, 100 ~g/ml poly-A, 120 ~glml heparin, 1 mg/ml herring 
sperm DNA, 5 mM DTT, 1 mglml BSA) containing 3-20 pgl~l 
oligodeoxynuc1eotide probe was applied to one brain slice and cov
ered with a coverslip. Following overnight hybridisation at 42°C 
(40°C for hsp70), slides were washed in 2 x SSC/50 % formamide for 
1 hour at 42°C (40°C for hsp70). Hybridised radioactivity was 
visualised by film autoradiography (Amersham hyperfilm 13-max) 
with exposure times of 1-3 weeks and/or dipping the sections into 
photo emulsion (Amersham, LM-I). In order to assure specific 
hybridisation for all probes, tissue sections were (a) incubated with a 
100fold excess of unlabelled probe, or (b) pre-treated with RNase A 
(20 ~g/ml, 45 min), or (c) hybridised with a 45mer non-sense oligo
nucleotide. These experiments did not reveal any detectable signals, 
thereby confirming the specificity of detection. 

Results and Discussion 

Following transient forebrain ischemia produced by 
four-vessel occlusion for 30 minutes, typical delayed 
neuronal death of hippocampal CAl neurons became 
morphologically visible between 2 and 3 days after 
ischemia (Table 2). It is important to point out that all 
animals with survival periods of 3 days or longer 
showed pronounced CAl neuronal damage, whereas 
at 2 days after ischemia CAl neurons were morpho
logically intact in some animals. Therefore, it can be 
assumed that neurons with intact morphology at 2 
days after the insult represent neurons at a rather late 
stage before delayed death in the hippocampus be
comes apparent. 

The comparison of the gene expression profiles fol
lowing transient forebrain ischemia with that in PCD 
models is complicated by a generalised genomic stress 
response [41]. This response includes a very early in
duction of immediate early genes, such as c-fos, c-jun, 
and mkp-l (Table 2), which is already obvious at 15 or 
30 minutes after ischemia. In addition, the mRNA 
coding for the inducible member of the heat shock 
protein family, hsp70, was induced with a similar tem
poral and spatial pattern. This response was observed 
in all previously ischemic brain cells [22,41,43] and 
showed no topical correlation to selective vulnerability 
of neuronal sub-populations. This is highlighted in 
Fig. 1 for c-fos and c-jun, showing that the relative 
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Table 2. Induction of PeD-Related Genes in the Hippocampus after Ischemia 

mRNAs above control level (+) in the stratum pyramidale of the hippocampal CA I sector after 30 minutes 

Survival CAl 4-vessel occlusion in the rat 
time damage 

(+) c-fos c-jun 

15 min 
(n=4) 

30 min + + 

(n=4) 

I hour + + 

(n=4) 

3 hours + + 
(n=4) 

6 hours + + 
(n=4) 

12 hours + + 
(n=4) 

1 day + + 
(n=4) 

2 days + + 

(n=2) 

2 days + 

(n=2) 

3 days + 

(n=4) 

7 days + 
(n=4) 

CA1 sector 
4r---------------------------------~ 

••••• c-fos mRNA 

3 

2 

•• --•• c-jun mRNA 

C 15' 30' 1h 3h 6h 12h 1d 2d 3d 7d 

Survival time 

mkp-l 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

4 

3 

2 

hsp70 cyclin Dl sgp-2 transin 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

, , 

, , , , 
, , 

+ 

+ 

iIJ-

+ 

CA3 sector 
••••• c-fos mRNA 

•• - ... c-jun mRNA 

, , 
1It- .. -. , , 

\ 

\ 

C 15' 30' 1h 3h 6h 12h 1d 2d 3d 7d 

Survival time 

3 

Fig. l. Relative mRNA levels of c-fos and c-jun in the hippocampal CAl and CA3 sector. Film autoradiograms of in situ hybridisation 
experiments (n=4 for each survival time) were visually inspected by a blinded investigator. The intensities of the hybridisation signals in the 
stratum pyramidale of the CAl sector were qualitatively grouped from 0 (no signal) to 4 (very strong signal). Note the peak at 3 hours for both 
c-fos andc-jun mRNA levels in both the CAl and CA3 sector, and the CAl specific expression forc-fos andc-jun at 2 days after ischemia. Note 
also the difference of basal c-jun mRNA levels between CAl and CA3 
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mRNA levels peak at 3 hours after ischemia in CAl 
and CA3 neurons. 

Most interestingly, at 2 days after ischemia, a CAl 
specific expression was observed for c-fos and c-jun 
(Table 2, Fig. 2) in animals without morphological 
damage of the CAl neurons. Once, neuronal damage 
became obvious in the Nissl staining, the mRNA was 
no longer detectable, which is most likely the result of 
rapid degradation (Table 2). 

Elevated c-fos and c-jun mRNA levels in the CAl 
sector at times shortly preceding cell degeneration have 
also been described in other experimental models of 
transient forebrain ischemia in the rat and following 
hypoxic/ischemic insults [9,17,37]. These results are 
quite similar to the findings in SCG neurons undergo
ing PCD [10]. In this model a co-ordinated expression 
of c-fos and c-jun was found 15 hours after onset of 
NGF withdrawal, i.e. shortly before the onset of cell 
degeneration. Another gene for which a late CAl spe
cific expression was found is hsp70 (Table 2, Fig. 2). 
This persistent CAl specific expression for hsp70 has 
been reported for most global ischemia models [23]. An 
expression of hsp70 shortly before cell death has also 
been reported for epithelial cells of the rat prostate 
gland, which die by programmed cell death following 
castration and subsequent depletion of male hormones 

Control 1 day 

c-fos 

c-jun 

hsp70 

mkp-1 

PAC-1 

sgp-2 

C. Wiessner et al. 

[4]. The late up-regulation of hsp70 mRNA was not 
found in SCG ganglion neurons during PCD [10]. 
Another gene expressed in SCG neurons undergoing 
PCD, mkp-l (Table I), was also induced in the CAl 
sector (Table 2, Fig. 2) following ischemia. Mkp-l 
showed a similar early induction in the hippocampus 
when compared with c-fos and c-jun (Table 2). The 
mRNA was found in hippocampal neurons up to 24 
hours after ischemia, showing no topical correlation to 
selective vulnerability. For this gene the CAl specific 
expression at 2 days after ischemia was not observed 
(Table 2, Fig. 2). This finding is again similar to the 
SCG neuron paradigm ofPCD, where mkp-l mRNA 
levels deelined earlier than c-fos and c-jun mRNAs 
[10]. 

Recently we started to investigate cyelin D I expres
sion, which is induced in the SCG paradigm of PCD 
(Table I) with kinetics similar to those of c-fos and c
jun. Preliminary results in our model of transient fore
brain ischemia show that cyelin Dl is also induced, but 
the onset of induction lagged behind c-fos, c-jun and 
hsp70 (Wiessner, in preparation). In general, cyelin DI 
mRNA was found exelusively in brain regions showing 
morphological damage of neurons, raising the ques
tion of the cell type expressing cyelin D 1. We could not 
detect transin mRNA anywhere in the brain following 

2 days 3days 

Fig. 2. Hippocampal expression of several genes in control and postischemic rat brains at various times points after 30 min of forebrain 
ischemia as indicated in the figure. The figure shows digitalized film auto radiograms obtained by in situ hybridisation experiments with coronal 
brain sections at the level of the dorsal hippocampus. Note that blackening of the films represents a relative measure indicating increases for 
individual mRNAs, but does not allow comparison of absolute mRNA levels between different mRNAs. No apparent morphological damage 
of the hippocampus was observed in the shown animal with 2 days survival period (s. also Table 2). Note the CAl-specific increased mRNA 
levels for c-fos, c-jun, and hsp70 at 2 days after ischemia, and the CA3 specific expression of the immediate early gene PAC-l at 1 day after 
ischemia 
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global ischemia (Table 2). In SCG neurons undergoing 

PCD, transin was induced, although delayed as com

pared to the immediate early genes c-fos, c-jun, and 
mkp-I and cyclin 01. In a recent study, we and others 
investigated the expression profile of sgp-2 mRNA 
following transient forebrain ischemia [26,39,44], 
which is induced in prostate gland cells during PCD, 
induced by depletion of male hormones [5]. Following 
forebrain ischemia, induction of this gene in the hip
pocampus was observed from 12 hours after ischemia 
onwards. In the stratum P¥ramidale of the CAl sector, 
however, increased mRNA levels were found only at 7 
days after the insult (Table 2). The combination of in 
situ hybridisation with the sgp-2 mRNA probe and 
immunohistochemical staining of astrocytes with an 
GF AP (glial fibrillary acidic protein) antibody re
vealed that sgp-2 mRNA was induced mainly in reac
tive astrocytes [39]. This finding excluded an 
association of neuronal cell death and expression of 
this gene in neurons and prompted us to conclude that 
sgp-2 induction is more likely important for astrocytic 
responses in ischemia. These observations show that 
the expression profiles of several PCD-associated 
genes (Table I), such as cyclin 01, transin, and sgp-2 
were different between the postischemic hippocampus 
and PCD-models. 

In conclusion, the CA 1 specific expression of c-fos, 
c-jun, and hsp70 after transient forebrain ischemia at 
times shortly preceding cell degeneration (Table 2) 
might be suggestive for the ultimate activation of a cell 
death programme in these neurons. In addition, the 
induction ofmkp-l is similar to SCG neurons undergo
ing PCD. Since all these genes are also expressed in 
resistant CA3 neurons at earlier reperfusion periods 

A 

• 
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(Fig. 2, Table 2), additional regulatory mechanisms 

mu~t be postulated, which would differentiate CA I 

from CA3 neurons. Such a mechanism could be the 
postischemic induction of the immediate early gene 
PAC-I, which was found in CA3 neurons and granule 
cells of the dentate gyrus, but not in CAl neurons 
(Fig. 2) [42]. This lEG encodes a dual specificity phos
phatase, which might be important for the post
ischemic balance of intracellular signalling cascades. 
An important point is , that in rat models of global 
ischemia the protein products for c-fos, c-jun, an'd 
hsp70 could be detected by immunohistochemical 
methods (shown for hsp70 in Fig. 3) [22,35]. This is 
especially noteworthy, since it is well documented that 
global protein synthesis rates are severely and perma
nently impaired in the CA I sector following 30 minutes 
transient forebrain ischemia in the rat [38]. Therefore, 
despite a general impairment of protein synthesis, the 
cells are obviously able to translate specific mRNAs 
into proteins. Interestingly, this accumulation was not 
found in gerbil models of global cerebral ischemia 
[18,23]. It is unknown whether this reflects a species 
difference or is due to different time courses of events, 
i.e. although expression of PCD-related genes occurs 
also in the gerbil it might have been missed by the 
choice of time points of investigation. 

Several other lines of evidence suggest a relationship 
of delayed neuronal death to programmed cell death. 
A recent study reports the specific activation of p53 
and p21 (WAFI) in the CA I sector following transient 
forebrain ischemia in the rat [33]. p53 is a transcription 
factor for p21 , an inhibitor of cyclin dependent kinases. 
Expression of p53 is known to be involved in the 
initiation of programmed cell death in various cell 

Fig. 3. Immunohistochemical detection of the heat shock protein hsp70, using the monoclonal antibody C-92F3A-5 (StressGen Biotech. , 
Canada) and the ABC method (Vector Laboratories, Burlingame, USA). Cell nuclei were lightly counter-stained with hematoxylin. (A) 
Hippocampal CA I neurons of a sham-operated control animal, surviving the sham-operation for 24 hours. (B) Hippocampal CA I neurons of 
an animal surviving 30 minutes forebrain ischemia for 2 days. Note the normal morphological appearance of the cells and the pronounced 
cytoplasmic staining for hsp70 at 2 days after ischemia. Scale bar = 40 ~m 
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types [6,19]. Also in support for the involvement of an 
embryonic death programme in CAl neurons after 
ischemia is the finding that some developmentally 
regulated genes, such as grp78 [41] and MAP2c [27] are 
induced specifically in CAl neurons after forebrain 
ischemia at survival times immediately preceding cell 
death. Also compatible with occurrence of PCD are 
some studies reporting a beneficial effect of infusion of 
the protein synthesis inhibitor cycloheximide on the 
survival of CAl neurons following transient forebrain 
ischemia [14,31,36]. These findings implicate that the 
formation of a protein would be necessary for the 
progression of delayed neuronal death in the hippo
campus, a suggestion which has also been made for 
PCD in SCG neurons upon NGF withdrawal [8]. How
ever, cycloheximide infusion is known to induce hypo
thermia in vivo and it is well known that hypothermia 
can protect CAl neurons following forebrain ischemia 
[3,21]. Therefore, although the in vivo effects of cyclo
heximide are compatible with the hypothesis of the 
activation of PCD, the significance of these results is 
debatable. Further evidence for occurrence of PCD 
has been provided by the demonstration of DNA frag
mentation in the hippocampal CAl sector after 
ischemia [11,15]. The activation of endonucleases 
cleaving DNA at internucleosomal sites is one of the 
hallmarks of most PCD paradigms, and occurs also in 
the SCG neurons undergoing PCD [8]. Another indica
tion for PCD in CAl neurons in the rat after transient 
forebrain ischemia is that CAl neurons can be rescued 
by high doses of brain derived neurotrophic factor 
(BDNF) [1]. Although the precise roles of BDNF in 
the CNS are not completely understood it appears 
to be an important factor for survival of neurons 
within the CNS [13]. Since it is closely related to NGF, 
it is reasonable to assume that survival promo
ting effects of BDNF are exerted via similar pathways 
when compared with those of NGF in peripheral 
neurons. 

In summary, several observations are indicative of a 
relationship of delayed neuronal death in CAl neurons 
following transient forebrain ischemia and pro
grammed cell death as it occurs in the developing 
central nervous system. The investigations on gene 
expression profiles after cerebral ischemia provide ad
ditional evidence pointing in this direction. Clearly, in 
vivo studies aiming to identify a functional role of the 
induced genes for delayed neuronal death following 
transient forebrain ischemia are needed. Since methods 
are now emerging which will enable us to modulate 
gene expression in the intact CNS, we can hope to 
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clarify these questions in the near future. The identifi
cation of crucial components of a neuronal death 
programme activated by cerebral ischemia might allow 
us to develop therapeutic strategies to rescue cells at a 
very late stage after the initial ischemic insult. 
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Summary 

The present article is concerned with mechanisms which are 
responsible for the exaggerated brain damage observed in 
hyperglycemic animals subjected to transient global or forebrain 
ischemia. Since hyperglycemia enchances the production of lactate' 
plus H+ during ischemia, it seems likely that aggravation of damage is 
due to exaggerated intra- and extracellular acidosis. This contention 
is supported by results showing a detrimental effect of extreme 
hypercapnia in normoglycemic rats subjected to transient ischemia 
or to hypoglycemic coma. 

Enhanced acidosis may exaggerate ischemi.c damage by one of 
three mechanisms: (i) by accelerating free radical production via H+
dependent reactions, some of which are catalyzed by iron released 
from protein bindings by a lowering of pH, (ii) by perturbing the 
intracellular signal transduction pathway, leading to changes in gene 
expression or protein synthesis, or (iii) by activating endonucleases 
which cause DNA fragmentation. 

While activation of endonucleases must affect the nucleus, 
the targets of free radical attack are not known. Microvessels are 
considered likely targets of such attack in sustained ischemia and in 
trauma; however, enhanced acidosis is not known to aggravate 
microvascular dysfunction, or to induce inflammatory responses 
at the endothelial-blood interface. A more likely target is the mito
chondrion. Thus, if the ischemia is of long duration (30 min) 
hyperglycemia triggers rapidly developing mitochondrial failure. It is 
speculated that this is because free radicals damage components of 
the respiratory chain, leading to a secondary deterioration of oxida
tive phosphorylation. 

Keywords: Ischemia; acidosis; free radicals; mitochondria. 

Introduction 

When sufficiently severe and sufficiently prolonged, 
ischemia leads to irreversible cell damage, initially 
affecting neurons (yielding selective neuronal damage), 
then glial cells and vascular tissues (resulting in 
infarction). The mechanisms involved are probably 
multifactorial, involving calcium "overload", acidosis, 
free radicals, and inflammatory reactions [54]. In the 
transItIOn from selective neuronal necrosis to 
infarction, the duration of ischemia plays an important 

role. However, evidence now exists that exaggerated 
tissue acidosis is an important factor in this transition; 
in fact, a condition like hypoglycemic coma (which 
does not lead to acidosis) can lead to massive neuronal 
necrosis, yet sparing glial cells and vascular tissue 
[47,52]. 

The evidence linking acidosis to enhanced tissue 
damage is mainly based on experiments showing that 
preischemic hyperglycemia aggravates the damage 
caused by a transient period of ischemia, and that this 
is due to exaggerated intra- and extracellular acidosis 
[39,47,51,52]. This contention is not accepted by all 
since there are data showing that acidosis ameliorates, 
rather than aggravates damage to neurons caused by 
glutamate and anoxia [60]. However, the results 
quoted in support of this alternative hypothesis are 
almost entirely based on in vitro experiments; besides, 
additional in vivo results strongly support the notion 
that acidosis aggravates ischemic damage [25]. We will 
thus base our discussion on the postulate that, in vivo, 
acidosis aggravates ischemic brain damage (see also 
[30], for data on hypoglycemic coma) and consider 
possible mechanisms of such acidosis-mediated cell 
damage. 

1. Acidosis and Cell Death: Putative Mechanisms 

Acidosis affects a multitude of metabolic processes, 
and modulates membrane processes such as dissipative 
and active transport of ions [5,36]. In general, acidosis 
depresses metabolic reactions and ion flux. Some of its 
effects on membrane functions, e.g. on calcium con
ductances, may even have a protective value, as ob
served when extracellular acidosis protects neurons in 
vitro from the harmful effects of glutamate exposure, 
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or anoxia [14,59]. However, our present problem is a 
different one since it concerns the effects of exaggerated 
acidosis on an energy-compromised tissue, in which 
the cellular phosphorylation potential is reduced and, 
as a consequence, a cascade of potentially harmful 
metabolic reactions has been elicited [47,51]. It is also 
important to emphasize that the harmful effect of aci
dosis is exerted at the time of the insult, i.e. during and/ 
or just after the transient ischemia or hypoglycemia 
[30]. Thus, since the adverse effects of hyperglycemia 
(and acidosis) are manifested after a delay of hours or 
days [46,63,64], we are confronted with the problem: 
how can exaggerated acidosis during and/or just after 
the insult give rise to damage which "matures" over 
many hours? The following mechanisms can be envis
aged. 

a. Acidosis Causes Enhanced Production 
of Free Radicals 

As discussed elsewhere [47,48,51,52] a reduction of 
pH enhances free radical production in brain homo
genates. This effect was observed three decades ago [1] 
and was subsequently described and analyzed in more 
detail [44,50]. In these in vitro experiments, free radical 
production was triggered by addition of iron, and iron 
chelators were found to blunt the reaction [44]. This 
makes it likely that acidosis acts by releasing iron from 
its binding to transferrin-like proteins according to the 
reaction [48,50,52]. 

However, free radicals can be formed in reactions 
which are not necessarily triggered by iron. One of 
these is the conversion of the super oxide anion ('0;) to 
its acid form (H'02) according to the reaction 

(2) 

Another set of reactions of potential importance 
for H+-induced enhancement of free radical forma
tion comprises those in which generation of 'O~ and 
nitric oxide (N'O), and their interaction, leads to the 
production of ·OH(4). We can write the following 
reactions 

N'O+ 'O~ --+ ONOO

ONOO- + H+ --+ ONOOH 

ONOOH --+ 'OH + N02 

(3) 

(4) 

(5) 
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In summary interaction between N'O and ·O~ yields 
peroxynitrate (ONOO-) which, after protonation, de
composes with the production of ·OH. However, it still 
remains to be shown if acidosis has any effect on this set 
of reactions. 

Although free radicals are likely mediators of acido
sis-mediated ischemic brain damage it has been 
difficult to unequivocally prove their importance. For 
example, although dimethylthiourea (DMTU), a hy
droxyl radical scavenger, ameliorates damage due to 
transient ischemia in normoglycemic animals [41], the 
effect of DMTU in hyperglycemic animals is limited 
[32]. It remains to be shown, therefore, to what extent 
free radicals contribute to the exaggeration of ischemic 
damage in hyperglycemic animals, and what the target 
of attack is. 

b. Acidosis Gives Rise to DNA Damage, 
or Perturbs Signal Transduction 

Experiments conducted 15 years ago showed that 
preischemic hyperglycemia leads to condensation of 
nuclear chromatin in neurons [23]. The mechanisms 
behind this morphological change have never been 
clarified, nor has it been shown whether the alterations 
observed are pathogenetically important. It is not un
likely, though, that hyperglycemia acts by further per
turbing the signal transduction chain or by enhancing 
DNA fragmentation. To take one example, hyper
glycemia exaggerates the sustained metabolic depres
sion which is observed after a transient period of 
ischemia ([28]. see Fig. 1). Furthermore. Combs et al. 
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Fig. I. The influence of preischemic hyperglycemia on postischemic 
local cerebral glucose utilization (LCGU), following 10 min offore
brain ischemia in rats. LCGU was measured with the autoradio
graphic deoxyglucose technique of Sokoloff et al. [56]. Values from 
the two hemispheres were joined by a vertical line. Data from 
Kozuka et al. [28] 
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(1992) found that hyperglycemia blunted or aborted 
the expression ofmRNA for c-fos, normally caused by 
ischemia and reperfusion [6]. Finally, data obtained on 
non-neuronal cells suggest the presence of a pH -depen
dent endonuclease (DNAse II) which is activated when 
pH falls below 6.5 [2,3]. Clearly, it seems highly 
justified to focus additional attention on the effect of 
acidosis on control of metabolic cascades, and on 
DNA-linked events. 

c. Acidosis Aggravates Cell Edema 

There are theoretical reasons why a lowered pH 
should enhance the formation of cell edema [48,52] 
and, in vitro, acidosis enhances cell swelling [26]. How
ever, postischemic edema is not a conspicuous feature 
in hyperglycemic animals recovering from an ischemic 
transient, and massive edema is not observed until 
18-24 hours later [64]. The secondary edema is likely a 
result of a different kind of pathology, one affecting 
the integrity of the blood-brain barrier (BBB), or mito
chondrial respiratory functions. 

2. Targets of Attack 

It is still an unresolved question whether hyper
glycemia (and exaggerated acidosis) aggravates tissue 
damage by acting on neurons, on glial cells, or on 
microvessels. A glial origin was postulated by Plum 
[43], and some supportive data were published by 
Kraig et al. [29] who postulated that hyperglycemia 
leads to infarction by disrupting glial metabolism and 
function. However, the results on which this hypoth
esis has been based are equivocal [24], and we still lack 
definitive evidence that glial cells are involved in the 
transition from selective neuronal vulnerability to 
infarction. For that reason, our attention must be 
focused on other issues. It appears profitable to discuss 
the possible involvement of microcirculation, and of 
mitochondrial function and metabolism. 

a. Microvessels 

Some results suggest that preischemic hyper
glycemia triggers swelling of endothelial cells [42], and 
reduces blood flow in the postischemic period [28]. 
However, it has not been shown that the reduction in 
blood flow is pathophysiologically important, nor has 
it been shown that hyperglycemia and/or acidosis 
cause microcirculatory problems predisposing to 
infarction. The only solid evidence in favor of the 
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hypothesis that acidosis causes microcirculatory prob
lems is that presented by Nedergaard and Diemer 
(1987), who found that the nature of the tissue lesions 
following MCA occlusion was a function of the 
preischemic plasma glucose concentration [39]. Essen
tially, preischemic hypoglycemia was found to predis
pose to selective neuronal necrosis, and hyperglycemia 
to infarction,with destruction of all cellular elements, 
including microvessels. In theory, such results could 
reflect the effect of acidosis on the production of free 
radicals during and immediately following ischemia, 
notably that caused by delocalization of iron from its 
binding to proteins. It has been emphasized that 
microvessels constitute a likely target of free radical 
attack [27,49]. Evidence in support of this contention is 
the high concentration of xanthine oxidase in cultured 
endothelial cells [58], and the generation of ·OH in 
microvessel preparations challenged with anoxia and 
reoxygenation [16]. It remains to be shown, though, 
whether the pan-necrosis reflects "specific" damage to 
the microcirculation or the indiscriminate attack on all 
cellar elements, with secondary effects on microvessels. 
It also remains to be shown whether or not acidosis has 
any effect on adhesion of polymorphonuclear leuko
cytes to endothelial cells, or on inflammatory responses 
at the blood-endothelial cell interface [7,13,17]. In gen
eral, the effect of acidosis on microcirculatory events 
remains unclarified. 

b. Mitochondria 

Mitochondria represent a likely target of free radical 
damage. First, electron transport is normally associ
ated with a small electron leak, i.e. with reactions in 
which univalent reduction of O2 yields partially re
duced oxygen species (ROS), notably ·O~ and HP2' 
and this electron leak can increase in pathological 
states [18]. Second, when mitochondria are exposed to 
a free radical generating system in vitro, state 3 respira
tion is affected in much the same way as it is after 
ischemia with recirculation [19,20]. 

( i) Ischemia and early recirculation. Mitochondria 
isolated from ischemic tissue show a reduction in 
state 3 respiration, which is usually most marked when 
malate plus glutamate are used as substrates [15,21, 
45,55]. However, following reasonably brief periods of 
ischemia (e.g. 15 min) respiratory functions of isolated 
mitochondria return to normal. This is illustrated in 
the left panel of Fig. 2 which gives data for hyper
glycemic subjects [22]. A similar return of mitochon
drial function was reported by Sims and Pulsinelli 
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Fig. 2. Integrated respiratory functions of mitochondria isolated 
from rat brains during ischemia and recirculation. Unfilled circles 
denote state 3 and filled circles state 4 respiration with glutamate plus 
malate as substrates. Values are means with 95 % confidence limits 
indicated. All animals were hyperglycemic. The left panel demon
strates recovery of respiratory functions after 15 min of ischemia, the 
right one lack of recovery after 30 min of ischemia. Reconstructed 
from Hillered et al. [21,22] 

(1987) who employed 30 min of forebrain ischemia in 
starved rats [55]. 

The inhibition of state 3 respiration, and the general 
depression of mitochondrial functions, may reflect hy
drolysis of phospholipids by activation of lipolytic 
enzymes (primarily phospholipase A2), and accumula
tion of polyunsaturated free fatty acids (FFAs). This 
contention is supported by results demonstrating 
breakdown of mitochondrial phospholipids and accu
mulation of FFAs following ischemia [31,33,37,56a, 
57]; in addition, when isolated mitochondria are ex
posed to polyenoic FF A, they are affected in much the 
same way as in ischemia [19,31 ,57]. It is not known how 
arachidonic acid exerts its adverse effects but, apart 
from acting as an ionophore, it could serve as a sub
strate in reactions leading to the production of free 
radicals. That free radicals are formed is suggested by 
the accumulation of malon dial de hyde (MDA) in mito
chondria from ischemic animals [34,56a]. It has also 
been clearly shown that free radicals affect mitochon
drial respiration in much the same way as ischemia 
does. For example, mitochondria exposed to increased 
concentrations of Ca2+, Na+, and the peroxide tert
butyl hydro peroxide (tBOOH), i.e. to conditions pre
vailing during ischemia in vivo, showed dramatic 
deterioration of respiratory functions [61]. The effects 
required that calcium entered mitochondria, and the 
adverse effects were thus calcium-mediated, possibly 
reflecting calcium activation of PLA2• A later study 
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showed that mitochondria from cerebral tissues, ex
posed to 2.5 )..lm Ca2+, 14 mM Na+, and elevated ADP 

under normoxic conditions, generate the extremely 
toxic 'OH species, plus ascorbyl and other carbon
centered radicals [12]. The conditions were found to 
impair the function of NADH-CoQ reductase (Com
plex I), explaining the preferential reduction of state 3 
respiration, with pyruvate or glutamate plus malate as 
substrates. However, the site of attack in ischemic 
tissue is a controversial issue, particularly since Zaiden 
and Sims (1993) reported a clear reduction ofthe activ
ity of the pyruvate dehydrogenase complex ([65], how
ever, see also [31 D. 

As shown in Fig. 2 (right panel), prolongation of the 
ischemia to 30 min gave rise to a sustained depression 
of state 3 respiration. Similar results have been re
ported by others [31 ,45,56a]. On analysis, though, ani
mals subjected to 30 min of ischemia in the starved 
state showed recovery of mitochondrial respiratory 
functions upon reperfusion, while those with docu
mented hyperglycemia did not [21,31,45]. 

(ii) Ischemia and late recirculation. Resumption of 
normal mitochondrial respiratory functions after brief 
to intermediate periods of ischemia occurs pari passu 
with recovery of the bioenergetic state (e.g. [22]). In 
areas destined to incur delayed neuronal necrosis cell 
death is preceded by a scond phase of mitochondrial 
dysfunction, involving a decrease in ADP- and 
uncoupler-stimulated respiration [55]. A likely sce
nario is that gradual accumulation of calcium in cells 
with a perturbed plasma membrane function leads to 
mitochondrial calcium "overload" [8,9,11]. Conceiv
ably, this leads to calcium mediated free radical gen
eration, e.g. via activation of phospholipase A2 
[12,35,61]. Support for this contention was recently 
reported by Zaiden and Sims (1994) who noted a sec
ondary increase in mitochondrial calcium content in 
caudoputamen 3-6 hrs after the start of recirculation, 
following 30 min of forebrain ischemia [66]. This cal
cium accumulation seemed to precede deterioration of 
cellular energy state, making it likely that the latter was 
due to calcium overload of mitochondria, as predicted 
by Deshpande et al. [8]. However, it is not known 
whether mitochondrial dysfunction is the cause or the 
effect of net calcium uptake by the mitochondria. 

( iii) The effect of hyperglycemia / exaggerated aci
dosis. The question arises whether exaggerated acidosis 
enhances damage to mitochondria, and whether any 
adverse effect is related to increased production offree 
radicals. The results of Rehncrona et al. (1979) showed 
that a 30 min period of complete and incomplete 
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ischemia reduced state 3 respiration equally; however, 
recirculation failed to normalize mitochondrial respi
ratory activity in animals with incomplete ischemia, 
who developed excessive lactic acidosis [45]. Subse
quent experiments from our laboratory confirmed 
these findings [2l], and additional results were reported 
by Wagner et al. [62,63]. These authors, employing a 
model with transient anoxia in normo- and hyper
glycemic cats, sampled tissue for mitochondrial isola
tion in symptom-free animals, as well as in those devel
oping symptoms of neurological complications. The 
latter yielded mitochondria with markedly inhibited 
substrate-, ADP-, and uncoupler stimulated respira
tory rates. Interestingly, in these mitochondria the ac
tivities of cytochrome oxidase and cytochrome a-a3 

were reduced, suggesting an aberrant type of mito
chondrial dysfunction. 

The results reported in hyperglycemic animals sub
jected to 15 min offorebrain ischemia [22] demonstrate 
an initial recovery of mitochondrial functions in a 
model which subsequently leads to extensive tissue 
damage and irreversible seizures, while those of 
Wagner et al. [62,63] reveal mitochondrial failure in 
hyperglycemic subjects who develop postischemic 
symptoms. It is tempting to conclude that delayed 
mitochondrial failure is responsible for the rapid matu
ration of damage, but it is not known what is the cause 
and the effect, nor is it known if calcium overload of the 
mitochondria is involved. However, evidence exists 
that the combination of a rise in Ca2+, ATP hydrolysis, 
and oxidative stress can create a leak for H+ across the 
inner mitochondrial membrane, yielding mitochon
drial dysfunction [10). 

In conclusion, evidence exists that hyperglycemia 
(and enhanced intraischemic acidosis) prevents recov
ery of mitochondrial functions after long periods of 
ischemia. This suggests that acidosis triggers rapidly 
developing mitochondrial failure, possibly by mecha
nisms related to enhanced formation of free radicals. 
The situation is different after shorter periods of 
ischemia, since mitochondrial function is then resumed 
in tissues which are destined to incur massive damage. 
It seems highly justified to explore whether this damage 
is due to delayed, free radical-mediated mitochondrial 
lllJury. 
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Summary 

It is generally agreed that excessive intracellular calcium accumu
lation is the main culprit for nerve cell damage following brain injury. 
Many autoradiographic studies of the post-injury brain have demon
strated an accumulation of 45Ca2+ in regions exhibiting neuronal 
damage. We have recently observed, after cortical contusion trauma 
[10], that there was a discrepancy between the extent of cell damage 
and the extent of45Ca2+ in autoradiograms; rather the distribution of 
45Ca2+ followed that of serum proteins. In addition 45Ca2+ was also 
observed in white matter, which had no signs of damage. We tested 
the hypothesis that 45Ca2+ accumulation was coupled to the presence 
of protein by directly injecting albumin into the brain cortex. There 
was a highly significant correlation between the content of45Ca2+ and 
of albumin as measured by ELISA. A similar pattern was found after 
a cortical freeze-lesion in the contralateral hemisphere. However, in 
the ipsilateral hemisphere where cell damage was observed, the 
relation broke down and calcium accumulated in excess. We con
clude that calcium accumulation in the brain is not only the result of 
cell damage but also of the presence of calcium-binding proteins, e.g. 
albumin. 

Keywords: Albumin; 45Ca2+; freeze-lesion; secondary brain dam
age. 

Introduction 

I t is generally believed that calcium has a pivotal role 
in ischemic nerve cell death. According to this "calcium 
hypothesis" excessive loading of the neuron by Ca2+ 
leads to cell death by activation of various enzymes 
including proteases, endonucleases, etc. (e.g. Siesjo 
and Bengtsson [18]. The concept is built on a number of 
observations made in non-neuronal tissues. In 1965 
McLean et al. [7], observed calcium accumulation by 
livers which have been exposed to toxins, and Schanne 
et al. [14] reported that the ability oftoxins to damage 
liver cells in primary cultures was dependent on the 
presence of extracellular calcium. The hypothesis was 
implemented for the central nervous system by Siesjo 
[17]. Thereafter a plethora of papers have emerged 

demonstrating that calcium did accumulate when the 
nerve cells histologically exhibited signs of injury. 
45Ca2+ has been extensively studied in the post-injury 
brain (e.g. Dienel [1]), in which the isotope is injected 
into the blood and circulates for 5 h before autoradio
graphy of the brain is carried out. We have used a 
similar technique in the post-trauma brain and have 
confirmed that calcium accumulates when cell damage 
was present [10]. However, close inspection of the sec
tions revealed that the area of calcium accumulation by 
far exceeded the "volume" of damaged cells. When the 
brain sections were stained for serum proteins the con
cordance with the calcium accumulation was striking. 
We, therefore, suggested that the accumulation of cal
cium in the post-traumatic brain was not only the result 
of uptake into damaged cells but also the result of 
protein accumulation. 

The purpose of the present experiments was to test 
this hypothesis. We used a quantitative method for 
determining albumin in brain tissue in order to disclose 
a possible relationship between accumulation of cal
cium and accumulation of proteins (i.e. albumin). 

Materials and Methods 

Infusion of Albumin into the Brain 

Male Sprague-Dawley rats (n=3) weighing 350--400 g were 
anaesthetized with pentobarbital sodium (50 mg/kg, i.p.). The head 
of the rat was fixed in a stereotactic frame and a midline scalp incision 
was made to expose the skull over both hemispheres. A I mm burr 
hole was drilled above each hemisphere at three positions 3 mm 
laterally to the midline: bregma +3.0, -2.1, -6.9 mm. The dura was 
left intact. In one hemisphere solutions with a different albumin 
content were infused at the three sites whereas the contralateral 
hemisphere received only saline. The infusion system consisted of a 
pointed glass pipette with a tip diameter of approx. 50 11m connected 
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Fig. I. Schematic drawing of the technique used for albumin infu
sion into brain cortex of the rat. A pointed glass pipette with 
a diameter of approx. 50 Ilm is connected to a syringe filled 
with either saline or saline with albumin (A). The lower part 
shows the six infusion sites, the three on the right side received 
albumin and the three on the left received saline. The larger circles 
around the infusion site correspond to the tissue samples. A is 
anterior and P posterior (B) 

A 

B A 

p 

Fig. 2. Schematic drawings showing the principles of the freeze
lesion to the right hemisphere of the rat (A) and how the 12 brain 
samples are obtained by two coronal sections. The circle at tissue 
sample 2 is the frozen area. A is anterior and P posterior (B) 

R. Linde et al. 

with a polyethylene tubing to an insulin syringe (0.1 ml) placed in an 
infusion pump. The syringe contained either sterile physiological 
saline or saline with albumin added (20 mg/ml rat serum albumin, 
essentially fatty acid - and globulin free (A 6414, Sigma St. Louis, 
U.S.A.». The glass pipette was attached to a micromanipulator and 
placed 2 mm below the surface of the brain for each burr hole before 
infusion. The rate of infusion was always 3 Ill/min but volumes varied 
from 4--30 Ill. Following the infusion procedure the skin incisions 
were sutured and the rats were kept anaesthetized. Two hours later a 
polyethylene catheter was introduced into the jugular vein in order to 
infuse 100 IlCi 4SCa2+ (Dupont de Nemours, Belgium) in I ml physi
ological saline over 2 min. The catheter was subsequently removed. 
Five hours later the rats were reanaesthetized, blood samples were 
taken by heart puncture, the rats were decapitated and the brains 
removed. The brain cortex surrounding each infusion site was iso
lated by using a 4-mm cork bore, and the tissue samples were placed 
in preweighed vials (Fig. I). 

Cortical Freeze-Lesion 

Male Sprague-Dawley rats (n=3) weighing 250-300 g were 
anaesthetized with pentobarbital sodium (50 mg/kg, i.p.). The head 
was fixed in a stereotactic frame, the skin above the skull incised, and 
the galea removed. A 6 mm trephination was made over the right 
parietal cortex using a dental drill. Special care was taken not to 
injure the dura. The freeze-lesion was made by a cylindrical copper 
probe (5 mm OD) precooled to -60°C by a dry-ice/acetone mixture 
[6,22]. The probe was lowered onto the exposed intact dura using a 
micromanipulator and left there for 30 seconds (Fig. 2). Thereafter 
the bone fragment was replaced, the skin wound closed by sutures 
and the animals let awake in cages with free access to water and food. 
Twenty hours later the rats were reanaesthetized using pentobarbital 
sodium (50 mg/kg, i.p.) and a polyethylene catheter was placed in the 
jugular vein. Approximately 100 IlCi 4SCa2+ (Dupont de Nemours, 
Belgium) in I ml saline was infused over 2 min and allowed to 
circulate for 5 hours. After this period the rats were reanaesthetized, 
blood was sampled by heart puncture in heparinised syringe and 
centrifuged to obtain plasma. The rats were subsequently decapi
tated and the brains carefully removed. Two coronal sections 
(3--4 mm in width) were cut manually; one frontal to the lesion site 
and one including the lesion. The cortex of each section was divided 
into three ipsilateral and three contralateral samples, resulting in 12 
samples per brain (Fig. 2). 

Measurement of Albumin Content 
and Calcium Uptake 

The samples were placed in preweighed vials and the wet weight 
determined. Triton X-405, (5 %) (Sigma, St. Louis, U.S.A.) was 
added to a PBS-Tween solution consisting of 0.05 % Tween 20 
(Sigma St. Louis, U.S.A.) in phosphate buffered saline. This solution 
diluted the brain samples 200-fold (wt/vol) before sonication using a 
Branson Sonifier 250. The homogenates were left for 2 hours at room 
temperature before centrifugation. The content of albumin in the 
supernatant was determined by an enzyme-linked immunosorbent 
assay (ELISA) and the 4SCa2+ content by scintillation counting. The 
ELISA method was adopted from Menzies et at. [8] with some 
modifications. In principle the method uses an antibody to albumin 
that is absorbed to plastic and that binds the albumin of the test 
samples to the well. The bound albumin is then detected using the 
same antibody conjugated to an enzyme, the reaction product of 
which can be visualized. We used a 96-well polystyrene plate 
(NuncImmunoPlate PolySorp F96, Nunc A/S, Denmark) and each 
well was filled with 100 III 4 % sheep IgG to rat albumin (Cappel 
cat.# 55729, NC, U.S.A.) in carbonate/bicarbonate buffer (0.1 M; 
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pH=9.6), covered using sealing tape (Nunc AlS, Denmark) before 
incubation overnight at 4 0c. The wells were washed 3 times in PBS
Tween; each time for 3 minutes. This washing procedure was 
repeated after each step in the assay. Wells were then filled with 5 'Yo 
nonfat dry milk powder in PBS-Tween and incubated for 2 hours at 
room temperature. After washing, duplicate wells were filled with 
100 ~I of a solution of purified rat albumin (fraction V, A 6272, 
Sigma, St.Louis, U.S.A.) in PBS-Tween at 80.0, 40.0, 20.0, 10.0,5.0, 
2.5, 1.25,0.625 and 0.312 ng/ml concentrations to obtain the stand
ard curve. Similarly, 100 ~I of different dilutions of the supernatant 
of brain homogenate were filled in duplicate wells. In separate wells 
all reagents except the antigen was added to establish the background 
value. Plates were then covered by sealing tape (Nunc AlS, Denmark) 
and stored at 4 °C overnight. After washing, the wells were filled with 
I 00 ~I of sheep IgG to rat albumin conjugated to peroxidase (Cappel 
cat.# 55776, NC, U.S.A.) and incubated for two hours at room 
temperature. After washing, 100 ~I substrate solution containing 
0.67 mg orto-phenylenediamine (OPD)(S 2000 DAKO A/S, Den
mark) per ml 0.1 M citric acid/phosphate buffer pH=5.0, and 5 ~I 
30 % hydrogen peroxide (mixed immediately before use) was added. 
Each well was exposed exactly 10 min in the dark for color develop
ment before the reaction was arrested by adding 150~11 M sulphuric 
acid. The amount of yellow/brown reaction product was determined 
by measuring the absorbance at 490 nm using an ELISA-reader 
(ImmunoReader NJ-2000, Teknunc A/S, Denmark). Standard 
curves were drawn and values from the different dilutions were 
plotted on the standard curve, and averaged to calculate tissue 
albumin content. 

The 4SCa'+ contents of the brain homogenate supernatant and 
plasma are determined by scintillation counting. 

Statistical analysis was carried out by linear regression analysis. 

Histology 

Three additional rats with a freeze-lesion were used for histological 
evaluation. Twenty hours after injury the rats were reanaesthetized 
using pentobarbital sodium (50 mg/kg, i.p.) and perfusion fixed with 
4 % buffered formalin. The brains were postfixed in the same fixative 
for 24 hours and subsequently dehydrated and embedded in paraffin. 
Four ~m sections were stained with hematoxylin-eosin or 
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immunohistochemically with peroxidase/antiperoxidase technic for 
glial fibrillary acidic protein (GFAP) or for serum proteins. 

Results 

All the rats survived the operational procedure. In 
both experimental groups the calcium uptake was mea
sured by the uptake of 45Ca2+ in brain. In order to 
account for differences in levels of 45Ca2+ in the blood 
the values of the brain samples were normalized by 
using the level of45Ca2+ in the plasma obtained immedi
ately before decapitation. 

Albumin Infusion 

Direct infusion of albumin in the brain cortex in
creased the content of albumin. The increase was ac
companied by an increase of 45Ca2+ content. As shown 
in Fig. 3 there was a highly significant correlation 
(r=0.861O; n=21; p<O.OOOI) between the amounts of 
albumin and calcium in the brain cortex. In this set of 
data are included the results obtained from the con
tralateral site which received saline (unfilled circles). 
The average content was 0.4 mg/g wet wt which is in 
agreement with control values reported by Szymas et 
al. [21] and Menzies et al. [8] 

Freeze- Lesion 

The cortical freeze-lesion caused dramatic changes 
in the contents of albumin and 45Ca2+ in brain cortex 
when measured after one day. The increases of both 
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Fig. 3. Scattergram showing the relationship between the brain cortical albumin content and the brain cortical 45Ca'+ content measured 7 h after 
cortical infusion of rat serum albumin (see methods). The brain 45Ca'+ content is expressed as tissue counts divided by the end plasma counts. 
Unfilled circles represent the saline infused tissue samples, filled circles represent albumin infused tissue samples. The correlation between the 
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Fig. 4. Scattergram showing the relationship between the brain cortical albumin content and the brain cortical 45Ca'+ content after a cortical 
freeze-lesion in rats performed 20 h earlier. The brain 45Ca2+ content is expressed as tissue counts divided by the end plasma counts. Unfilled 
circles represent the cortex samples from the contralateral hemisphere, filled circles the ipsilateral hemisphere in which the big filled circles 
represent the samples from the freezed region 

albumin and 45Ca2+ were far more extensive III the 
traumatized hemisphere than in the other, but the 
levels of the contralateral hemisphere were markedly 
increased as well. Fig. 4 shows the brain albumin con
tent in relation to brain 45Ca2+. The lower region of the 
curve, which represents the contralateral tissue 
samples and the tissue samples most distant from the 
infarct of the traumatized hemisphere, shows that the 
brain albumin content increased linearly with the con
tent of45Ca2+ in the brain. When the albumin content in 
the brain exceeds approx. 3 mg/ml the curve levels off 
and reaches a plateau where only the content of 45Ca2+ 

Illcreases. 

Histology 

In all three rats the freeze-lesion was cup-formed 
reaching to the bottom of the cortex just above the 
corpus callosum. In the center of the lesion the tissue 
was coagulated and the neurons were seen as ghosts. At 
the edge and reaching all the way to the bottom two 
types of neuronal damage were seen. Some of the cells 
were eosinophilic with pyknotic nuclei, as it is typically 
seen after ischemia. Other cells had distorted outlines 
with retracted cytoplasm that stained normally or was 
slightly basophilic. These cells had preserved the 
nuclear structure with a distinct nucleolus. At the bor
der of the lesion the tissue was spongious. Below the 
lesion there was an extensive edema in the corpus 
callosum. The edema was reaching across the midline 
into the corpus callosum of the contralateral site. With 
GF AP stain two of the three brains showed a very 

slight increase in GFAP reactivity at the border of the 
lesion, whereas the third showed no changes. In the 
serum protein stains there was an extensive reaction in 
and around the freeze-lesion and all the way through 
the corpus callosum across the midline, but apparently 
no reaction in the cortex. This is in contrast to the 
results obtained with ELISA, but may be explained by 
a lower sensitivity of the immunostain. In the con
tralateral cortex no neuronal damage, astrocytic reac
tions or serum protein extravasation studied by 
immunohistochemical analysis was encountered. 

Discussion 

The present work was initiated by the finding of a 
significant concordance between the localisation of 
45Ca2+ and serum proteins in brain cortex following 
cortical trauma [10]. The present study examined the 
hypothesis that the calcium accumulation in the brain 
could be associated with the presence of serum pro
teins, e.g. albumin. 

Albumin in Brain 

The albumin content of the control brains (those 
injected with saline) was 0.4 mg/g which is in accor
dance with data from the literature [21]. This albumin 
stems not only from trapped plasma, since this 
amounts to 0.07 mg/ml (with a plasma albumin con
centration of 14 mg/ml and a plasma space in brain of 
0.005 mg/ml) but also from albumin bound to the 
endothelial cell surface [15] as well as albumin in the 



Calcium Accumulation Post-Injury 

brain parenchyma. In cerebrospinal fluid the concen
tration is normally at 0.07 mg/ml, hence, the amount in 
brain tissue is probably minimal. 

Calcium in the Brain 

The method for measuring calcium accumulation in 
the brain was adopted from Dienel [I]. The method 
assumes that 45Ca2+ given i.v. reaches a steady-state in 
different brain compartments after a 5 hours exposure 
time. The total amount of calcium in brain tissue is 
Immol/kg·s. Since the interstitial concentration is 
approx. I mmolll and the interstitial space occupies 
approx. 20 % (e.g. Hansen [4], the amount of calcium 
in the interstitial space is about one fifth of the total 
calcium, i.e. in steady-state one fifth of the radioactive 
calcium is located in the interstitial space. 

It was noted by studying auto radiograms of brains 
exposed to various circulation times of 45Ca2+ that 
calcium preferentially entered the brain via the choroid 
plexus and was distributed via the ventricles [I]. When 
the technique was applied in animals at various times 
following an episode of severe global ischemia the 
auto radiograms revealed calcium accumulation in re
gions displaying neuronal damage, thereby supporting 
the theory of calcium involvement in ischemic cell 
damage. 

Relationship Between Albumin 
and Calcium in Brain 

We increased the albumin content locally by direct 
injection into the brain and found an increased content 
of45Ca2+. There was a highly significant linear correla
tion between 45Ca2+ accumulation and albumin con
tent. After all this should not be surprising since 
albumin binds calcium. In the plasma, calcium is 
present in three compartments, a free fraction, a 
complexed fraction and one protein bound fraction of 
which albumin accounts for 80 %. About one third of 
the total plasma calcium is bound to albumin. The 
question is whether the accumulated 45Ca2+ is associ
ated with albumin or whether other mechanisms take 
place. We have attempted to answer this question by 
comparing the ratio of 45Ca2+ and albumin in plasma 
with their ratio in brain. In Table I are shown the 
values of the brain ratio divided by the plasma ratio for 
the two experimental groups. If all the accumulated 
calcium in brain was bound to albumin the ratio should 
have a value of around 5 based on the following rea
soning. We assume that the albumin injected into the 
brain is located in the interstitial space whereas the 
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Table I. Fraction of45Ca2+ Bound to Brain Albumin 

Sample Rat I Rat II Rat III 

Freeze-lesion 
Infarct (2) 50.6 54.1 33.9 

Ipsilateral (I) 37.2 17.9 13.2 
(3) 8.9 9.1 21.1 
(7) 27.5 8.7 14.7 
(8) 20.3 27.1 33.7 
(9) 10.3 4.9 7.8 

Contralateral (4) 9.7 7.7 3.8 
(5) 5.3 3.4 3.0 
(6) 5.0 7.7 3.2 
(10) 9.4 7.9 
(II) 13.1 5.6 3.4 
(12) 14.7 11.1 4.2 

Rat IV Rat V Rat VI 

Infusion albumin 6.9 7.8 3.1 
albumin 6.9 9.7 8.3 
albumin 9.9 16.0 9.0 

saline 9.0' 15.7 9.5 
saline 7.1' 13.8 11.0 
saline 9.7a 12.5 17.5 

The table shows the values of the ratio of 45Ca2+/albumin in plasma 
divided by the ratio of 45Ca2+/albumin in brain after freeze-lesion in 
three rats (upper part). The lower part shows similar values from the 
brain cortex of three rats subjected to intracortical infusion of albu-
min in saline or saline (see methods). Sample # refers to the numbers 
in Fig. 2. "Indicates that only a craniotomy was performed 

45Ca2+ during the 5 hours distributes according to the 
prevalent calcium amounts meaning that only one fifth 
is confined to the interstitial space. The values repre
senting the injected animals and the contralateral sites 
of the freeze-Iesioned rats are in line with this supposi
tion albeit the scatter is large. The ipsilateral site of the 
freeze-lesion, however, and especially the site of the 
freezing exhibits a significantly higher ratio indicating 
that the accumulated calcium also is localized at other 
places than bound to albumin, e.g. necrotic tissue. 

This means that when albumin enters the "normal" 
brain there is a proportional increase of calcium due to 
albumin binding. When the tissue is damaged as well 
there is an additional increase of calcium without rela
tion to albumin. 

There are other studies which suggest a relationship 
between albumin and calcium accumulation. When the 
method of Dienel [I] was used in rats after middle 
cerebral artery occlusion (MCAO) there was a progres
sive accumulation of 45Ca2+ which seemed to peak 3 
days after ictus in the affected cortex [9,16]. This is hard 
to explain, if accumulation of 45Ca2+ should indicate 
cell damage since the cortical cells die within 6 hours 
after MCAO. However, the fact that the albumin con
tent of the affected cortex displays a similar time course 
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reaching a peak after 3 days [8] could explain the 
finding. 

Possible Neurotoxicity of Albumin 

There is evidence that albumin itself is neurotoxic. In 
cell cultures of cerebellar granule cells albumin not 
only causes cell death but also potentiates the toxicity 
of glutamate [2]. Furthermore albumin injected di
rectly into the caudate nucleus of rats leads to cell 
damage when examined 5 days later [5]. Other studies 
have demonstrated a relationship between opening of 
the BBB and the presence of tissue damage. Thus, when 
the BBB was opened either by carotid infusions of 
hyperosmolar solutions [12,13] or by experimental hy
pertension [19] and after experimental seizures [20] 
there was structural damage in the regions with open
ing ofBBB.1t was stated that the pathological mecha
nism of the irreversible injury was related to the 
extravasation of plasma constituents but the mecha
nism remained unclear. An important role of albumin 
seemed more obvious for inducing damage of the 
thalamus which is seen in the aftermath of middle 
cerebral artery occlusion in rats. The lesion develops 
when albumin and probably other plasma constituents 
have migrated from the brain infarct in cortex via white 
matter to the thalamus [11] 

An explanation for the purported toxicity of albu
min is not at hand. Eimed et al. [2] have suggested that 
albumin keeps the NMDA gated channel open, 
thereby facilitating entry of calcium. This could be 
mediated by complexing free Zn-ions which in the 
normal state decreases the open state probability of the 
NMDA channel [3]. In other words albumin could 
enhance the toxic effect of glutamate. If this statement 
is valid for the brain in vivo, it would put special 
emphasis on conditions in which the BBB breaks 
down. The presence of albumin alone may be rather 
innocuous but in conditions of an increased glutamate 
release the possibility for neuronal cell damage is 
greatly increased. Thus, the integrity of the blood
brain barrier may be quite important for the develop
ment of cell damage after brain injury. 
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Summary 

An ischemic insult to the brain evokes cell damage which may 
progress to cell death. We invariably associate cell death with necro
sis. Necrosis exhibits well defined morphological characteristics, and 
the biochemical and biophysical processes associated with necrosis 
have been identified. However, another form of cell death exists, 
apoptosis. Apoptosis plays an important role in the early develop
ment of tissues. Cells undergoing apoptosis exhibit very different 
morphological characteristics and temporal profiles of change from 
cells undergoing necrosis. Apoptosis has been identified with the 
internucleosomal fragmentation of DNA. More importantly, 
apoptosis has been associated with a process of programmed cell 
death, in which a genetic program is activated which results in the 
death of the cell. In this presentation, we will review our data on the 
morphological, biochemical and molecular evidence of apoptosis in 
the rodent (rat, mouse) brain after middle cerebral artery occlusion. 
Emphasis will be placed on describing the temporal profile and the 
anatomical distribution of cells undergoing apoptosis as functions of 
duration of MCA occlusion and reperfusion after MCA occlusion. 
The possible contribution of selective genes in promoting and/or 
inhibiting apoptosis will also be discussed. 

Keywords: Apoptosis; anatomical distribution; temporal profile; 
focal cerebral ischemia. 

History and Background 

The term, apoptosis, coined in 1972 by Kerr, derives 
from Greek and refers to falling off, as leaves fall from 
a tree [18]. Morphological characteristics of apoptosis 
include compaction of chromatin against the nuclear 
membrane, cytoplasm shrinkage with preservation of 
organelles, and nuclear and cytoplasmic budding to 
form membrane-bound fragments, referred to as 
apoptotic bodies. In contrast, necrosis involves initial 
swelling of the cell followed by a breakdown of cell 
membranes and disintegration of nuclear structure and 
cytoplasmic organelles. The cell then shrinks, con
denses and disintegrates. Although Kerr made specific 

reference to a new form of cell death [17], the morpho
logical changes associated with apoptosis predate 
those of Kerr's by nearly 100 years. In 1886, a botanist, 
Berthold, asserted that protein denaturation was re
sponsible for certain forms of cell death [2]. In 1885, 
Walter Flemming showed the half moons of pyknotic 
chromatin, typical of apoptosis [9]. In the early 1950s, 
Gliicksmann described a form of cell death specific to 
the embryo [11], and the concept of cell suicide arose 
with the discovery oflysosomes. An excellent review on 
the history of apoptosis can be found in Majno and 
Joris [29]. 

The actual death of the cell may precede necrosis or 
apoptosis. That is, from morphological characteristics 
we cannot identify when the cell has crossed the bound
ary to irreversible injury or death. Death is a functional 
term, which has not been clearly defined. After irre
versible injury a cell may still function and be metaboli
cally active, yet may be mortally injured without 
exhibiting necrotic or apoptotic morphology. 

A biochemical marker which has become the hall
mark of apoptosis is that of DNA fragmentation. 
Wyllie in 1980 found a ladder pattern on gel electro
phoresis of thymocytic apoptosis [40]. The DNA was 
segmented at 180 bp intervals reflecting the activity of 
endonuclease cleavage of DNA at internucleosomal 
sites. The identity of the endonuclease is still a mystery. 
Although gel electrophoresis indicating DNA degra
dation is routinely identified with apoptosis [1], DNA 
fragmentation may not always correlate with 
apoptotic morphology and is a conventional marker 
and not equivalent to morphologically identified 
apoptosis [38]. It remains to be resolved whether DNA 
digestion is a specific marker for apoptosis in vivo [15]. 
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A molecular biological-histochemical method has 
recently been developed which permits morphological 
detection of DNA fragmentation [10]. This method 
combines two complementary indices of apoptosis, the 
DNA fragmentation and the morphological signature 
of apoptotic bodies, to identify apoptotic cells. 3' -OR 
DNA ends are generated by DNA fragmentation and 
are typically localized to morphologically identifiable 
apoptotic bodies and nuclei. Residues of digoxigenin
nucleotide are catalytically added to the DNA by ter
minal deoxynucleotidyl transferase, an enzyme which 
catalyzes a template independent addition of deoxyri
bonucleotide triphosphate to the 3' -OR ends of 
double- or single-stranded DNA. (This method is re
ferred to as TUNEL staining.) We have employed this 
method in our studies to localize the DNA fragmenta
tion in ischemic brain [21-24]. 

Apoptosis has been closely associated with pro
grammed cell death (PCD), a term coined by Lockshin 
and Williams [27]. PCD is a functional term, used to 
describe cell death that is a normal part of the life of a 
multicellular organism. Apoptosis, on the other hand, 
is a descriptive term, to describe a type of cell death 
exhibiting a distinct set of morphological features. An 
excellent review of this topic can be found in Schwartz 
and Osborne [36]. It is important to clarify the concept 
of programmed cell death. There are two ways, not 
mutually exclusive, of defining this term. PCD can 
refer to the timing of onset of events that lead to cell 
death. This type of cell death has been investigated in 
great detail in developmental biology ([31], review). It 
occurs during metamorphosis [13]. Extensive PCD 
also occurs during the early development of the ner
vous system and is regulated by trophic factors ([31], 
review). 

Another interpretation of PCD is that of an orches
trated sequence of gene expression resulting in the 
eventual death of the cell. A major catalyst for con
ceptual framework in this area derives from investi
gations performed on the nematode Caenorhabditis 
(C.) elegans [8,13,42]. This roundworm contains 
1,090 somatic cells of which 131 die at specific stages 
of development and undergo a genetically controlled 
death. Three distinct programmed phases of killing 
have been identified in this system; 1) killing of the 
cell; 2) phagocytosis of the corpse; 3) digestion of 
the engulfed constituents. Mutations in specific genes 
can block each of these events. The genes are referred 
to as ced (cell death abnormal) genes. Mutations 
in ced-3 and ced-4 block PCD and the 131 cells sur
vive. Mutations in ced-2, ced-5 and ced-1O block 
phagocytosis. 

M. Chopp and Y. Li 

There may be killer genes, analogous to ced-3 and 
ced-4, which when blocked promote survival. It is 
interesting to note, that the ced-3 gene has a similar 
sequence to a cysteine protease, interleukin If3-con
vertase, and cysteine proteases may promote cell death 
([39], review). In contrast to the 'killer gene', there are 
protector genes in the C. elegans system. ced-9 protects 
cells from PCD. Transfecting cells with ced-9 inhibit 
the death of the 131 cells destined to die. The ced-9 has 
an analogue in mammals, the bcl-2 gene ([32], review). 
Cell lines transfected with bcl-2 are resistant to killing 
agents, e.g. withdrawal of growth factors, heat shock, 
glucocorticoids and y-rays, to name a few [33]. bcl-2 
can replace ced-9 in roundworms to protect against 
PCD. A caveat to these important data indicating a 
genetic component to the process of cell death, is that 
not all apoptosis requires de novo gene expression or 
the synthesis of new proteins. DNA degradation and 
loss of transcription cannot completely explain 
apoptosis since lens cells and erythrocytes undergo 
apoptosis, and enucleated cytoplasts can undergo 
apoptosis and bcl-2 administration protects these cells 
from apoptosis ([36], review). Likewise, apoptosis can 
occur in the absence of new gene expression, i.e. cyto
toxic T lymphocytes (CTL) induced apoptosis. DNA 
fragmentation can also occur within 20 minutes, a time 
too short for transcription [30,34]. Conversely, not all 
PCD occurs by apoptosis. The tobacco hawk moth 
loses segmental muscles by a PCD, which requires de 
novo gene expression, but does not display membrane 
budding or chromatin margination or DNA fragmen
tation [13]. 

It is important to realize that genes may be 
upregulated in dying cells, yet they may not be essential 
for cell death. Other genes are essential for specific 
forms of cell death, and there are distinct signal trans
duction pathways that mediate PCD with different 
stimuli. For example, T-cells in p53 knockout mice 
display apoptosis when exposed to glucocorticoids or 
T-cell receptor (TCR) stimulus; however, they fail to 
die when exposed to y-radiation [6,28]. 

Apoptosis and PCD in Focal Cerebral Ischemia 

Apoptosis has traditionally been associated with 
physiological events such as: embryonic development, 
CTL killing and tumor regression. Tissue subjected to 
injury and insult also undergoes apoptosis, as is appar
ent from the pioneering studies of ischemic liver of 
Kerr and Wyllie [17,18]. 

In our studies, we employed a model of middle 
cerebral artery occlusion induced by insertion of a 4-0 
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Fig. I. Apoptotic cells within the ischemic striatum of a rat subjected 
to 2 h ofMCA occlusion and 24 h ofreperfusion. Apoptotic cells are 
identified by means of TUNEL stain (ApopTag kit, Oncor, Inc., 
Gaithersburg, MD) 
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Fig. 2. Apoptosis after MCA occlusion. Apoptotic cells in coronal 
sections at the level of the anterior commissure in rats subjected to 2 h 
of middle cerebral artery (MeA) occlusion at 0.5 h to 28 days of 
reperfusion. (Reprinted with permission from [21]) 

nylon monofilament into the internal carotid artery to 
occlude the MCA in both the mouse and the rat [43] . At 
various times after transient MCA occlusion, the 
brains were prepared by perfusion fixation with hep
arinized saline and 10 % buffered formalin phosphate. 
In both the mouse [23] and the rat [21,22,24] apoptotic 
cells were readily observed within the ischemic area. 
Figure 1 illustrates the apoptotic cells present within 
the ischemic striatum of a rat subjected to 2 hours of 
MCA occlusion and 24 hours of reperfusion. Using 
double staining techniques, neuron specific enolase for 
identification of neurons, glial fibrillary acidic protein 
(GFAP) for astrocytes, and Factor VIII as a marker 
for endothelial cells, in combination with the TUNEL 
stain, we determined that 90-95 % of cells exhibiting 
apoptotic morphology were neurons, followed by as-
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trocytes (-5- 10 %) and endothelial cells (:::;1 %). This 
suggests that the sensitivity of cells exhibiting 
apoptotic morphology reflects the selective vulnerabi
lity of cells undergoing necrosis after focal cerebral 
ischemia [19]. Complementary data to the in situ detec
tion of apoptosis in ischemic brain has recently been 
provided in ultrastructural studies in samples from 
ischemic tissue [22]. 

We measured the distribution of apoptotic cells after 
various durations ofreperfusion after 2 hours ofMCA 
occlusion in the rat [21]. Figure 2 shows the numbers of 
apoptotic cells obtained from ischemic rat brain as a 
function of time of reperfusion. The numbers of 
apoptotic cells peaked at 24 and 48 hours after 
ischemia and then subsequently declined. However, 
the numbers of apoptotic cells remained significantly 
elevated compared to control animals, even 4 weeks 
after MCA occlusion. Thus, the presence of apoptosis 
weeks after the onset of ischemia indicates that cell 
death is an ongoing dynamic process, and that inter
ventions even weeks after the onset of the ischemic 
event may salvage compromised cells. Since the half
life of apoptotic cells may be short compared to ne
crotic cells, simply counting the relative numbers of 
apoptotic cells compared to necrotic cells may underes
timate the contribution of apoptosis to ischemic cell 
damage. We estimate that the numbers of apoptotic 
cells to be approximately 4 % at 24 and 48 hours after 
onset of ischemia. Thus, it is likely that apoptosis may 
be responsible for far more than 4 % of the cells that die 
as a result of the ischemic insult. 

The distribution of apoptotic cells within the 
ischemic tissue as a function of reperfusion time is 
shown in Fig. 3. The vast majority of the apoptotic cells 
are located along the inner boundary of the ischemic 
core of the lesion [21,24]. The reason for this preferen
tial spatial distribution within the ischemic lesion is not 
known. However, the localization of apoptotic cells at 
the inner boundary of the ischemic lesion suggests that 
the apoptotic process contributes to the expansion of 
the ischemic lesion. Apoptosis has also been associated 
with free radical damage [3,14,16], and it is possible 
that cells at the boundary of the ischemic lesion adja
cent to viable tissue with uncompromised blood flow 
may be particularly susceptible to free radical damage 
evoked by reperfusion injury. The selective distribu
tion of apoptotic cells within the ischemic zone may 
imply that there are distinct pathophysiological 
mechanisms or initiating events responsible for necro
sis and apoptosis . 

The numbers of apoptotic cells also increase as a 
function of duration of ischemia [24]. Figure 4 illus-
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Fig. 3. Apoptosis and neuroual necrosis-rat MCA. Illustration of the temporal profile and distribution of apoptotic cells (dots, ApopTag kit) 
and necrotic neurons (hatched, hematoxylin and eosin). Although scattered apoptotic cells increase throughout the territory of the MCA, 
groups of apoptotic cells are localized primarily to the inner boundary zone of the infarction, both in the stratum and in the cortex at 24-48 h 
ofreperfusion. (Reprinted with permission from [21]) 
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Fig. 4. Apoptosis after MCA occlusion. Progressive increase in 
numbers of apoptotic cells with increasing times from 10-120 min in 
the territory of MCA. (Reprinted with permission from [24]) 

trates the numbers of apoptotic cells present within the 
ischemic lesion as a function of duration of ischemia, 
from 10 minutes to 2 hours. All animals were sacrificed 
at 48 hours of reperfusion. The numbers of apoptotic 
cells clearly increase as a function of duration of 
ischemia. These data suggest that even brief durations 
of ischemia, i.e. 10 minutes, that evoke few necrotic 
cells, induce apoptosis. Thus, mild ischemic injury can 
cause apoptosis. The degree of apoptotic injury reflects 
the intensity of the ischemic event, with longer dura
tions of ischemia causing increasing numbers of 
apoptotic cells. These data also suggest that apoptosis 
and necrosis are complementary and parallel events. It 
is however not known, whether necrosis and apoptosis 
are mutually exclusive events. Whether cells can enter 
into an apoptotic pathway and subsequently become 
necrotic, or the converse is not known. 

Until now our focus has been on the morphological 
evidence of apoptosis in ischemic brain. Apoptosis has 
been closely associated with the process of pro
grammed cell death, and the upregulation of death 
genes and death proteins [36]. Although there are 
counter examples from the literature in which 
apoptosis is present without upregulation of new genes 

and where new gene expression is present without the 
morphological evidence of apoptosis, the preponder
ance of studies have closely linked apoptosis with ei
ther gene expression or protein translation . 

Linnik et al. have demonstrated that administration 
of cycloheximide to rats subjected to middle cerebral 
artery occlusion significantly reduces ischemic cell 
damage [25]. The inhibition of protein synthesis by 
administration of cycloheximide disrupts the processes 
of programmed cell death and hence reduces 
apoptosis. They have also shown that the DNA frag
mentation as measured by gel electrophoresis is most 
prominent in the tissue located at the boundaries of the 
insult [26]. These data are consistent with our findings, 
and the hypothesis that apoptosis contributes in a 
substantial way to the maturation and growth of the 
ischemic lesion. 

Certain proteins such as wild-type (wt) p53 may 
promote programmed cell death and contribute to 
apoptosis [12]. wt p53 has been shown to evoke pro
grammed cell death in tumor cell lines [41] and in vivo 
[35]. Transformation of p53 from the wild type to the 
mutant form induces cancer in many cell and organ 
systems by inhibiting programmed cell death. We have 
detected p53 in ischemic rat brain subjected to MCA 
occlusion [5,20]. Figure 5 shows an immunohisto
chemical section of ischemic rat brain stained for wild 
type p53. The arrows show p53 positive cells also 
exhibiting apoptotic bodies and thus apoptosis. p53 
positive cells are present without morphological evi
dence of apoptosis (arrow heads). Thus, it is possible 
that p53 may be a necessary but not sufficient condition 
for apoptosis in ischemic brain. Recent studies of 
MCA occlusion in p53 knockout mice demonstrate 
that ischemic cell damage is reduced in p53 transgenic 
knockout mice [7], indicating that p53 may playa role 
in the promotion of ischemic cell death after MCA 
occlusion. Many other genes and proteins have been 
associated with the promotion of cell death [36], and 
the p53 data in ischemic brain are not meant to exclude 
the possibility that other genes contribute to this pro
cess. 
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Fig. 5. Immunohistochemical section of ischemic rat brain stained 
for wild-type p53. The arrow shows p53 positive cells also exhibiting 
apoptotic bodies and thus apoptosis. p53 positive cells are present 
without morphological evidence of apoptosis (arrow head) 

In addition to apoptosis and programmed cell 
death contributing to the net ischemic cell death, it 
is likely that the flip side of programmed cell death, 
DNA repair may promote cell survival. p53 has been 
shown to play an important role in DNA repair. p53 is 
a transcription factor and turns on another gene, 
GADD45 (growth-arrest-and-DNA-damage-induc
ible) [37]. GADD45 complexes with proliferating cell 
nuclear antigen (PCNA), a necessary component of 
the machinery that copies DNA. Investigations of pro
grammed cell death and apoptosis in cerebral ischemia 
should therefore be coupled to the possibility of DNA 
repair as a therapeutic intervention after stroke. 

In summary, apoptosis is a well established morpho
logical complement or alternative to necrosis. It occurs 
in many biological systems and is reponsible for em
bryonic development, and physiological events such as 
metamorphosis and immunological responses. The 
role played by apoptosis after injury to tissue is an area 
of vital interest. Investigations of cell damage after 
focal cerebral ischemia should include the likelihood 
that apoptosis contributes to ischemic cell damage 
after focal cerebral ischemia. Apoptosis has been asso
ciated with gene and molecular alterations. This opens 
up new avenues of therapy based on the possibility of 
intervention with processes regulating cell death as 
well as events contributing to cell repair. 
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Significance of the Inflammatory Response in Brain Ischemia 
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Summary 

Leukocytes appear to have a central role in the inflammatory 
response that develops during acute brain ischemia. This brief review 
adduces evidence that leukocytes accumulate in focal zones of acute 
brain ischemia at a sufficiently early stage to participate in the process 
of progressive ischemic brain damage and that partial inhibition of 
that accumulation, by various measures, can attenuate ischemic 
brain injury. Mechanisms of leukocyte adhesion are discussed in 
detail and an inference is put forward that leukocytes are an impor
tant factor in progressive ischemic injury, but almost certainly act in 
concert with a number of other similarly important factors. On this 
basis, leukocyte inhibition may have demonstrable benefit in acute 
stroke, but ultimately be found to only partially spare potentially 
salvageable tissue in the ischemic zone. 

Keywords: Leukocytes; inflammation; adhesion receptors; 
ischemia; stroke. 

The principles governing blood flow through a zone 
of acutely ischemic brain have, until recently, been 
viewed by workers in the stroke field as being closely 
approximated by Ohm's Law applied to the circula
tion. In that view, the ratio of pressure to resistance 
determined the rate of delivery of oxygen and glucose 
to the injured tissue and these factors were sufficient to 
describe the contribution of the circulation to the even
tual amount of brain damage. In recent years, the 
situation has become far more complex with the recog
nition that blood is capable of undergoing a multifac
torial interaction with ischemically-damaged brain 
tissue and that, in the course of this interaction, mul
tiple inflammatory mediators are generated that can 
contribute to the progression of injury [18]. 

Leukocytes are a central feature of inflammation 
and the delayed accumulation of these cells in reactive 
zones around infarcts has been well-established in 
histopathologic specimens from human autopsies [16], 
but these cells have been classically considered to func-

tion as a cleanup crew that prepares the wound for 
healing. In the last few years, many laboratories have 
reported that leukocyte accumulation in ischemically
injured brain is an early event that coincides with the 
period of damage progression and could, therefore, 
participate in the process. In 1986, a time course of 
leukocyte accumulation in acute brain ischemia was 
determined [17]. Autologous granulocytes labelled 
with IllIn were infused into a dog model of cerebral 
ischemia induced by incremental air embolism and 
monitored by the cortical somatosensory evoked po
tential. Accumulation of leukocytes was measured by 
gamma scintigraphy and visualized relative to cerebral 
blood flow by double-label autoradiography. Follow
ing one hour of ischemia by this technique, leukocytes 
were observed to accumulate from 1 to 4 hours into the 
recirculation period particularly in zones of impaired 
reflow. A potential limitation of this study has been 
that air emboli directly damage endothelium [21] and 
this could alter the dynamics of leukocyte accumula
tion as compared with vascular occlusion models in 
which vessels are indirectly activated as a consequence 
of the vascular stasis. In a well-established model of 
middle cerebral artery occlusion (MCAO) in the awake 
baboon, polymorphonuclear leukocyte plugging of up 
to 40 % of capillaries was observed after 3 hours of 
ischemia and 1 hour of reperfusion [13]. The authors 
concluded that the polymorphonuclear neutrophils 
(PMNs) contributed to vessel damage and progressive 
impairment of microvascular perfusion in that model. 
In an intravascular suture model of permanent MCAO 
in the wistar rat, PMN s were detected by light 
and electron microscopy in capillaries and venules 
within 30 min and monocytes appeared after 4-6 hrs 
in these same vessels [15]. This represents the earliest 



28 

detection of PMN and monocyte influx in focal brain 
ischemia. 

Pioneering studies of endothelial cells and leuko
cytes in culture systems during the last 15 to 20 years 
have contributed to a detailed understanding of the 
biochemical and cellular mechanisms involved in leu
kocyte activation, adhesion and transendothelial mi
gration. The attachment of circulating blood cells to 
endothelium involves a variety of complementary re
ceptors and is orchestrated by a host of signalling 
molecules. The description that follows is based on 
several recent reviews [5-7]. Two major sets of comple
mentary molecules control adhesive interactions be
tween circulating cells and endothelium, selectins that 
recognize carbohydrate ligands and members of the 
immunoglobulin (lg) superfamily that recognize the 
integrins. 

The selectin family was first recognized in 1989 after 
a series of reports described three cell surface glycopro
teins on ECs, platelets, and leukocytes that had related 
cDNA sequences. According to a standard nomencla
ture which designates each family member according 
to the cell type on which it was originally identified, 
these surface glycoproteins have been designated E
selectin (endothelium), P-selectin (platelets), and L
selectin (lymphocytes). 

The selectin family members all share structural ho
mologies. Each is characterized by an N-terminal 
lectin-like domain, epidermal growth factor (EGF) 
repeats, and a series of complement binding protein 
modules. Expression of L-selectin is constitutive; that 
of E-selectin is inducible with a peak at 4-6 hrs and a 
return to baseline by 24-48 hrs. Preformed P-selectin is 
a transmembrane protein located in alpha granules 
and dense granules of platelets and in Weibel-Palade 
bodies of ECs. It is translocated to the cell surface in 
minutes after effective stimulation. P-selectin can also 
be synthesized de novo and expressed over the course of 
hours in response to cytokine stimulation. Selectins 
bind via their lectin and EGF domains to one or more 
types of carbohydrate ligands including structures re
lated to sialylated Lewis x (sLex) and sialylated Lewis a 
(sLea). 

The other major set of bimolecular interactions that 
mediate adhesion of circulating blood cells to endothe
lium involves members of the Ig superfamily reacting 
with their complementary ligands, members of the 
integrin family. Members of the Ig superfamily are 
structurally similar in that they all have a variable 
number of extracellular Ig-like domains, a transmem
brane domain and a short cytoplasmic sequence. There 
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are four principal molecular species in this group, in
tercellular adhesion molecule-l (ICAM-l), intercellu
lar adhesion molecule-2 (lCAM-2), vascular adhesion 
molecule-l (VCAM-l), and CD31. ICAM-l is consti
tutively expressed at low levels by endothelium from 
most of the vascular segments assayed and it is 
upregulated by cytokines with maximal expression in 
16-24 hrs and remains elevated for at least 72 hrs in the 
presence of continued stimulation. ICAM-2 is consti
tutively expressed on nonactivated endothelium at 
levels 10-15 times higher than that of ICAM-l and 
cytokine exposure does not upregulate its expression. 
This receptor could be important for rapidly occurring 
inflammatory events. VCAM-l is either minimally or 
not expressed on nonactivated endothelium and it is 
induced by cytokines with peak expression by 6-12 hrs. 
Its expression is also rapidly induced on aortic endo
thelium by an atherogenic diet [24]. One other recently 
identified receptor in the Ig superfamily is CD31 
(PECAM -1, endoCAM) which tends to distribute near 
endothelial cell borders and may participate in EC-EC 
interactions that limit vascular permeability by virtue 
of CD31-CD31 homophilic adhesion. In addition, 
homophilic interaction between CD31 on leukocytes 
and CD31 on ECs may be important in transendo
thelial migration. CD31 can also undergo heterophilic 
adhesion with an unknown counter-receptor. 

The term "integrin" as applied to a group of recep
tors was initially intended to emphasize that the recep
tors served to integrate signals from the extracellular 
environment with the intracellular cytoskeleton [23]. It 
turns out that this is a general property of circulating 
blood cell adhesion to ECs in that each interaction 
tends to involve intracellular signalling for participat
ing cells in addition to the binding [26]. Integrins are a 
family ofheterodimeric molecules in which each mem
ber is composed of an alpha subunit covalently linked 
to a beta subunit. The/3] and /32 subfamilies are particu
larly important for leukocyte adhesion. Very late after 
activation antigen-4 (VLA-4) from the /3] subfamily 
reacts with VCAM-l on cytokine-activated ECs. The 
/32 subfamily includes three receptors that are active at 
the blood-endothelial interface and are composed of a 
CDlla, CDllb, or a CDllc alpha subunit that is 
covalently linked to a common CD 18 (/32) beta subunit. 
Regulation ofintegrin activity involves several mecha
nisms. Integrin-mediated cell-cell interaction requires 
the binding of divalent cations such as Ca2+ or Mg2+ to 
the cation-binding domains on the a-subunit of 
integrin molecules. U pregulation of surface expression 
of integrin molecules is controlled in at least two ways. 
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One involves de novo synthesis and surface expression. 
The other involves rapid (minutes) mobilization of 
integrin molecules from peroxidase-negative granules 
to the surface upon stimulation. Modulation of the 
affinity of integrin molecules for their respective 
ligands by phosphorylation ofthe/3-subunit is another 
mechanism for controlling the adhesive process. 

Despite the apparent welter of receptors and regula
tory systems as studied in vitro, interactions between 
circulating cells and endothelium in the body seem to 
be smoothly orchestrated. L-selectin acts as a guide for 
unstimulated leukocytes and mediates the rolling of 
leukocytes along unstimulated endothelium. As a leu
kocyte encounters a segment of activated endothelium, 
there is a transient increase in the functional activity of 
L-selectin and the rolling slows or stops. This exposes 
the leukocyte to a local gradient of chemotactic factors 
for a sufficient time to become programmed for activa
tion. As the cell is signalled by such chemoattractant 
molecules as PAF, interleukin-8 (IL-8), and granulo
cyte-macrophage colony-stimulating factor (GM
CSF), Mac-l is mobilized from intracellular granules 
to the leukocyte surface and a process of L-selectin 
shedding begins. The subsequent upregulation of Mac-
1 and LFA-l and progressive shedding of L-selectin 
seem to be required for transendothelial migration. P
selectin may also be mobilized from intracellular gran
ules to the EC surface in the very early stages of a 
vascular insult and may participate in the first wave of 
leukocyte recruitment as may E-selectin [1,22,28]. 

This knowledge has permitted development of anti
bodies directed at specific adhesion molecules such that 
partial inhibition of leukocyte accumulation in zones 
of ischemically-damaged brain can now be achieved. 
Investigators in many laboratories have now demon
strated that administration of these antibodies can 
reduce the volume of tissue damage in experimental 
models of brain ischemia. Intravenous administration 
of an anti-CD18 monoclonal antibody that inhibits 
PMN adherence to endothelium, IB4, 15 min before 
reperfusion in baboons subjected to 3 hr ofMCAO and 
1 hr of reperfusion, increased reflow in microvessels of 
all size classes as determined by India ink tracer perfu
sion [25]. The authors concluded that CD 1 8-mediated 
PMN adherence to endothelium contributes to "no
reflow" in microvessels after focal cerebral ischemia. 
Another group reported that administration of anti
CD 11 b was associated with a 28 % reduction in lesion 
volume in rats subjected to 2 hr of intravascular suture
induced MCAO followed by 46 hr of reperfusion [10]. 
Lesion volume was determined by histological evalua-
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tion of hematoxylin and eosin (H&E) stained sections. 
The antibody was serially administered at I hr of 
reperfusion and at 22 hr of reperfusion and compared 
with an identical dosage schedule of an isotype
matched control antibody. PMNs and monocytes 
within brain tissue were quantified by means 
of a myeloperoxidase assay and the numbers of 
intra parenchymal leukocytes were determined to be 
significantly reduced in the group receiving anti
CD II b antibody compared with the vehicle control 
group. The authors concluded that the anti-CD II b 
antibody administered I hr after the onset of reper
fusion resulted in significant reduction of ischemic cell 
damage associated with a decrease of intraparen
chymalleukocytes after transient (2-hr) focal cerebral 
ischemia in the rat. Another study from the same 
laboratory employed an identical model and furnished 
additional dose-response data that supported the same 
conclusion that the anti-CD 11 b antibody provided 
significant reduction of ischemic cell damage after 
transient focal cerebral ischemia in the rat and that, 
in addition, this reduction of damage was dose
dependent and associated with significant functional 
improvement [9]. 

Several groups have investigated the role of leuko
cytes in acute brain ischemia by severely reducing the 
number of circulating leukocytes prior to induction of 
the ischemia. In a rabbit model of thromboembolic 
stroke, neutrophils were reduced to about 16 01<) of the 
baseline value with anti-neutrophil anti-serum and an
other group of rabbits received anti-platelet anti-serum 
that reduced platelets to 23 % of the baseline value. 
There was also a control group that received non
immune serum. Four hr after embolization, the rabbits 
were killed and infarct size was determined by tri
phenyltetrazolium chloride (TTC). Neutropenic rab
bits recovered their cerebral blood flow to a greater 
extent than animals in the control or thrombo
cytopenic groups and infarct size was significantly 
reduced in the neutropenic group only. The thrombo
cytopenic group did have a smaller increase in intra
cranial pressure than the control group, but the 
neutropenic group did not experience any increase in 
intracranial pressure during the experimental period 
[4]. The authors concluded that neutrophils may be 
important contributors to ischemia-induced brain in
jury, but that the role of platelets is probably more 
subtle. A potential criticism of this study is that 
they attempted to evaluate infarct size by means of 
TTC at a relatively early time point at which other 
investigators have questioned the reliability of the 
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TTC technique [3,19]. In rats subjected to 2 hr of 
transient MCAO by means of an intravascular suture 
that was subsequently withdrawn to provide 46 hr of 
reperfusion, a rabbit anti-rat PMN sera was infused 
immediately after withdrawal of the suture as 
reperfusion was initiated. Serial H&E-stained coronal 
brain sections were histologically evaluated and 
neutropenic animals had significantly smaller infarct 
volumes (19 %) than did the vehicle-treated controls 
(27 %) [8]. The authors concluded from the data that 
neutrophils may play an important role in mediating 
ischemic brain injury. Leukopenia induced by 
vinblastine with white blood cell counts of less than 
1,500 per mm3 has been reported to be associated with 
considerably smaller infarcts than normal levels of 
circulating leukocytes in a model of global forebrain 
ischemia. In this model, rats were subjected to bilateral 
carotid occlusion plus hypotension with blood pres
sure maintained at 50 mm Hg by blood withdrawal for 
a period of 60 min. Subsequently, the carotid arteries 
were unclamped and the blood was reinfused so that 
the animals were exposed to 75 min of reperfusion. 
Infarcts in leukopenic rats averaged 21 % versus a 
70 % area of infarction in the control group. EEG was 
also preserved in all leukopenic animals when com
pared with controls both during ischemia and after 
reperfusion suggesting the possibility of better intra
ischemic perfusion in leukopenic animals [20]. The 
results were interpreted to indicate that white blood 
cells participate in the generation of cerebral damage in 
a model of global forebrain ischemia and reperfusion. 
Again, the use ofTTC to delineate the cerebral infarcts 
in this study at such an early time point does raise a 
question about the reliability of the measurement tech
nique since this procedure is regarded as more reliable 
after 24 hr than before 6 hr [3,19]. 

Leukocyte inhibition with a novel agent, doxy
cycline has also been shown to mitigate nerve cell 
damage in a rabbit model of spinal cord ischemia 
[12]. Doxycycline is a member of the teracycline 
family of antibiotics and it has been shown to inhibit 
in vitro human leukocyte super oxide synthesis, degra
nulation, and adherence to protein-coated surfaces 
[14]. 

Several groups have observed that leukocyte inhibi
tion was ineffectual in reducing ischemic brain damage. 
In cats subjected to focal hemispheric ischemia by 
means of bilateral common carotid artery occlusion 
combined with unilateral MCAO for 90 min followed 
by 180 min of reperfusion, monoclonal antibody 60.3 
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directed against the CDl8 adhesion moiety on PMNs 
and monocytes was administered intravenously be
tween 40 min and 50 min of ischemia. The antibody 
had no effect on the recovery of cerebral blood flow, 
cortical somatosensory evoked potential, or infarct 
volume as quantified by TTC staining [27]. Anti-CD 18 
antibody administered to rabbits 30 min before induc
ing irreversible ischemia of the brain by means of 
intraarterial micro spheres failed to reduce ischemic 
injury, but the same antibody produced a significant 
reduction in neurologic deficits in a reversible spinal 
cord ischemia model reported by the same group [11]. 
The authors concluded that treatment with leukocyte 
adhesion antibody reduces CNS ischemic injury in a 
reperfusion model but not in an irreversible occlusion 
model. The findings were felt to support the role of 
leukocytes as active participants in reperfusion injury. 
The "no-reflow" phenomenon occurs in the majority of 
gerbils after 30 min of bilateral occlusion of the com
mon carotid arteries and 10 min of reperfusion as 
determined by India ink infusion. A group of gerbils 
rendered leukopenic by cyclophosphamide with 85 % 
reductions of their whole blood leukocyte count did 
not display a corresponding reduction in the incidence 
of "no-reflow" phenomenon when subjected to this 
protocol and compared with the control group that 
had normal levels of circulating leukocytes [2]. The 
authors concluded that the evidence from this study 
casts doubt on the hypothesis that leukocyte plugging 
plays a major role in the cerebral microcirculation's 
response to ischemia. 

There are a number of leukocyte properties that are 
potentially conducive to ischemic and postischemic 
damage. These include the production of a variety of 
inflammatory mediators, generation of oxygen-cen
tered free radicals, elaboration of granule-based tox
ins, impairment of blood rheology, acceleration of 
thrombosis and excitotoxin release. Despite the multi
faceted injury potential that characterizes leukocytes, 
they probably function as a few strands in an intri
cately interwoven web of mediators and processes that, 
in aggregate, determine the progression of ischemic 
damage and their inhibition may be predicted to ame
liorate, but not arrest, progressive brain damage in 
stroke. 
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Summary 

The involvement of white blood cells in microvascular derange
ment as a cause of secondary brain damage following cerebral 
ischemia is reviewed. Relevant data from the literature are arranged 
in the chronological sequence of the microvascular derangement of 
the brain that occurs after cerebral arterial occlusion (as based on our 
own experimental observations). The inflammatory processes which 
appeared to be elicited by polymorphonuclear leukocytes (PMNL) in 
the ischemic region of the brain may begin with adhesion of PMNLs 
to endothelial cells, followed by blood-brain barrier disruption, tran
sudation/exudation, edema, necrosis, and scar formation. Stimu
lated by cytokines released from damaged neurons and axons, two 
types of macrophages (ameboid and ramified) appear, increase in 
number in the ischemic lesion, and engulf the debris of dead neurons, 
degenerated axons. Further, macrophages may release cytokines 
which stimulate healing processes, such as astroglial proliferation 
and revascularization, and release neurotoxins which could gradu
ally kill surviving neurons. Even under such circumstances, 
individual leukocytes/macrophages are well regulated by specific 
mediators/cytokines. An urgent task is thus to find ways of control
ling these key mediatorslcytokines to reduce the inflammatory pro
cess and the extent of neuronal death for attenuating the secondary 
brain damage, without altering their beneficial effects. 

Keywords: Microglia; ischemic microvascular derangement; im
mune reaction; inflammatory changes. 

Introduction 

In a variety of brain disorders, including ischemic 
stroke, the extent of irreversible tissue damage appears 
to be dependent largely on the degree of terminal 
vascular insufficiency in the injured region. The devel
opment of such microcirculatory derangement might 
well represent a final common pathway, which could 
account for the augmentation of injury by many non
specific factors. This article is a mini-review on the 
involvement of white blood cells in secondary brain 
damage. Up-to-date descriptions of relevant topics 
have appeared recently in two excellent overviews: one 

was provided by Kochanek and Hallenbeck [25] en
titled "Polymorphonuclear leukocytes and monocytesl 
macrophages in the pathogenesis of cerebral ischemia 
and stroke", and the other by del Zoppo and Garcia [8] 
entitled "Polymorphonuclear leukocyte adhesion in 
cerebrovascular ischemia". The present review at
tempts to provide a broad outline of the white cell 
involvement in correlation with the various stages of 
ischemic microvascular derangement occurring in the 
brain. The overall framework for such microvascular 
derangement (Fig. 1) is based on observations [45,46, 
52] obtained by our photoelectric method [51,53] and 
cranial window technique applied to the cat cerebral 
cortex which was subjected to ischemia by middle 
cerebral artery occlusion (MCAO). Details of the 
inflammatory microvascular derangement relate to the 
work of Kulka [26], who examined microvascular 
changes in the ear of rabbits which sustained cold 
injury. Data on the involvement of polymorpho
nuclear leukocytes (PMNL) and monocytes/macroph
ages in ischemic tissue of the brain were collected from 
the literature, and have been arranged arbitrarily ac
cording to each stage of the cerebral microvascular 
derangement. 

Microvascular Derangement 

Figure I illustrates the sequential stages of the 
ischemic microvascular derangement during evolu
tion of an infarct following cerebral arterial occlu
SIOn. 

Stage 0: The scheme at the top left of Fig. I shows a 
microvascular unit consisting of an artery-microvascu
lature-vein. 
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Fig. I. Sequential stages of microvascular derangement of the brain. Stage 0 a normal microvascular unit; Stage 1 shrinkage of the 
microvasculature upon MeAO; Stage 2 arterial constriction and venous dilatation; Stage 3 glial swelling, BBB disruption, and edema; 
Stage 4 red vein, and luxury perfusion; Stage 5 infarct 

Stage 1: Upon MCAO, the microvasculature 
shrinks. After stopping momentarily, the flow resumes 
sooner or later, and tends to recover in accordance with 
the development of collateral channels [45,46,52]. Leu
kocytes have been shown to participate in flow resis
tance through newly developing collateral channels 
even at an early stage due probably to their cellular 
shape [46,48,54]. Reperfusion by releasing the MCAO 
was found by Tanahashi [43] to produce various de
grees of reactive hyperemia depending on the timing. 
He observed no change in CBV (cerebral blood vol
ume) upon reopening within 1 min, and increases in 
CBV upon reopening after 1 min. Reperfusion pro
duced multimodal individual time courses ranging 
from recovery after marked reactive hyperemia to se
vere postischemic hypoperfusion. No reflow was occa
sionally observed [43]. 

Stage 2: The CBV subsequently exceeds the pre
occlusive level (low perfusion hyperemia) due mainly 
to venous dilatation [24]. Direct observation reveals 
various changes in arterial diameter: simultaneous ar
terial dilation-constriction. This suggests a partial loss 
of vascular integrity, and a disruption of matching 

between flow and metabolism (e.g. misery perfusion 
syndrome). 

Stage 3: By accumulation of surrounding extrace\
lularfluid, the glial cells start to swell (cytotoxic edema) 
due to elevation of the osmotic potential in the cells 
(more than 200 mmHg) [50] induced by cell membrane 
damage. The neurons exhibit only slight swelling or 
even shrinkage due probably to partial rupture of the 
thin cell membrane [49]. The glial cells expand pushing 
aside surrounding structures and compressing the mi
crovasculature. The blood-brain barrier (BBB) is dis
rupted with a delay of several hours after the occlusion. 
An increase in fluid permeability at the arterial side and 
absorption failure at the venous side of the microvas
culature facilitate fluid retention in the tissue. Widen
ing of the intercapillary distance, compression of 
vessels, focal leakage of plasma indicators, foggy, dark 
red areas of extravasated red cells, and marked aggre
gation of red cells are commonly observed. The experi
ments of postischemic hypoperfusion following 
reperfusion usually ran a similar course to that illus
trating microvascular derangement after permanent 
occlusion. 
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Stage 4: Tissue ischemia becomes severer as indi
cated by a marked CBV decrease. Hemorrheological 
disturbances reach an irreversible level due to sludging 
of red blood cell clumps, platelet aggregation, plasma 
leakage, hemoconcentration, an increased blood vis
cosity, conversion to a rough procoagulant surface of 
the endothelial cells, and adhesion of platelets and 
leukocytes at the vessel wall. Spotty obliteration of the 
terminal vascular bed favors the development of high
pressure arteriolar-venular shunting (red vein and 
luxury perfusion syndrome). Carbon black injection 
reveals heterogeneous segmental stasis and low flow 
through the nutritional capillaries. These changes 
progress together until the central ischemic necrosis 
becomes well-demarcated. 

Stage 5: All of the above described abnormal tissue 
changes subside resulting in a permanent defect with 
no-flow and cyst formation. 

Mediators and White Cell Involvement 

Stage 0: Little information is as yet available in 
clinical cases of stroke on whether or not PMNLs tend 
to be activated before the ischemic insult, and whether 
endothelial cells express adhesion molecules. A predis
position was demonstrated by Siren et al. [39] with 
upregulation ofICAM-l on SHR (spontaneous hyper
tensive rats) endothelial cells underlying the influence 
of hypertension on in vivo perivascular leukocyte accu
mulation in the parenchyma. 

Stage 1: Again, there are still no sufficient data 
available, when and how PMNLs are activated, and 
when and how endothelial cells upregulate adhesion 
molecules during ischemia. Tanaka et at. [44] observed 
that after MCAO in cats, platelet thrombi were rapidly 
formed in cerebral microvessels irradiated with ultra
violet light, and that thrombus formation could be 
prevented by administration of a stable prostacyclin 
analogue (TRK-lOO). The rate of platelet aggregation 
has been shown by Rosenblum and EI-Sabban [35] to 
be shear-rate dependent. Such early and continuous 
occurrence of platelet aggregation and release of me
diators together with an increase in the TxA/PGI2 

ration may influence and/or trigger a cascade of events 
in the downstream microvasculature. A possible role 
for mediators released from platelets can be predicted 
from our data concerning the delay in recovery of CBV 
in platelet-depleted cats after MCAO [46,54]. Platelet 
aggregating factor (PAF), a chemical pro-inflamma
tory mediator, released from platelets, could be one of 
the candidates for such mediators to stimulate both 
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white cells and endothelial cells down-stream. 
Tanahashi et al. [42] found that prophylactic adminis
tration ofPAF antagonist (TCV-309) suppressed pos
tischemic hypoperfusion of the brain in cats. PAF as a 
mediator of specific pathological sequelae in stroke has 
been reviewed by Lindsberg et al. [27]. 

Stage 2: In general, the acute inflammatory re
sponse is switched on by the adherence of PMNLs to 
the vascular endothelium. PAF enhances adhesion of 
PMNLs to endothelium [3]. Tomita et al have con
firmed that activation ofPMNLs by PAF is very rapid 
in an in vitro system [47], and that activated PMNLs 
adhering to rat and pig vascular endothelial cells are 
causing damage, such as laceration, shrinkage, and 
coagulation necrosis of the endothelium [58]. A specu
lative paradigm based on reported evidence could be 
as follows: Upon stimulation by such inflammatory 
mediators, as PAF, thrombin, etc., endothelial cells 
rapidly express adhesive molecules, e.g. P-selectin 
(GMP-140), which is stored in Weibel-Palade bodies, 
and initiates the release of interleukiil (IL)-I, TNFa, 
and PAF. PMNLs in the circulating blood are also 
activated with upregulation of adhesive molecules on 
their cell surface as sialyl-Lewis X, Lewis X, and CD 111 
CD18. PMNLs are attracted by chemotactic agents, 
gather in the ischemic area, marginate in the 
microvessels (mostly venules), and roll on endothelial 
cells via P-selectin. The adhesion of PMNLs to the 
endothelium is mediated by a pair of conjugate adhe
sive molecules, CD11118 and ICAM-l. The adherence 
can trigger an active oxygen radical generating system, 
such as xanthine oxidase in endothelial cells sufficient 
to injure these all elements [31]. Free radicals cause 
injury to cell membranes through a chain reaction 
peroxidation of lipids within the membrane structure 
and by enzyme inactivation [40]. Inflammatory media
tors, such as IL-l, TNF a, and PAF are continuously 
released from the PMNLs, monocytes, as well as en
dothelial cells. Their targets are, again, PMNLs, 
monocytes, and endothelial cells. The positive feed
back activation is increasing the endothelial damage 
in the tissue. TNFa has been reported to modulate 
endothelial cells to express hemostatic procoagulant 
properties [33]. 

Reperfusion injury involves multimodal events in 
which white cells are deemed to playa central role [21]. 
Upon reperfusion, toxic oxygen products, granular 
constituents of leukocytes, and phospholipase prod
ucts become elevated in the tissue, since the reperfusing 
blood carries large amounts of white cells and oxygen. 
However, the reperfusion injury is based largely on the 
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flow rate per se through the ischemically damaged 

tissue, no matter whether it is permanently occluded or 

reperfused. In either case, the inflammatory process 
undergoes various steps as follows. 

Stage 3: A burst of superoxide radical production 
derived from both leukocytes and endothelial cells 
takes place. The free radicals damage adjacent endo
thelium and alter its function. Tissue damage is spread
ing in relation with the positive feedback mechanisms 
described above. PMNLs which were adhering to the 
endothelium slowly pass through the endothelial cell 
layer. Although Dorovini-Zis and Bowman [10] have 
noted that movement of PMNLs across the blood
brain barrier occurs by a transendothelial pathway 
without disruption of the barrier, the precise route re
mains to be defined. PMNLs emigrate further through 
the basement membrane with the aid of proteolytic 
enzymes. PAF, which has a short life-span in the tissue, 
is continuously released from the injured brain tissue 
together with eicosanoids, such as TxA2, prostacyclin, 
and LTs (leukotrienes) due to enhanced lipid peroxi
dation. LTB4, as one of the oxygenated derivatives of 
arachidonic acid, also displays pro-inflammatory 
effects, causing assembly, adhesion and chemotactic 
movement of PMNLs, and stimulating aggregation, 
enzyme release, and generation of superoxide in 
PMNLs [36]. Taken together, the releases of chemical 
mediators, arterial dilatation/constriction, venule dila
tation, BBB damage, edema, cell membrane damage, 
and tissue damage form a cascade centering on 
PMNLs, leading to severe microcirculatory derange
ment and, thereby, secondary brain damage. 

There is, in fact, an increasing body of evidence to 
indicate accumulation of PMNLs in ischemic lesions 
of the brain. In cats, Means and Anderson [28] have 
reported massive PMNL infiltration at 8 h after spinal 
cord compression, of macro phages at 8-24 h after the 
compression. del Zoppoet at. [9] made similar observa
tions in baboons in a 3 h MCAO- and 1 h reperfusion 
model, and Hallenbeck et al. [22] in dogs with 60 min 
ischemia and 240 min postischemia by air embolism. 
Baroneet al. [1] have noted 1) a dramatic accumulation 
of PMNLs in infarcted tissue of rats at 24 h after 
MCAO, 2) infiltration of PMNLs into the cerebral 
tissue based on analysis of hematoxylin-eosin stained 
histologic sections, in which PMNLs were identified at 
various stages of diapedesis into the brain paren
chyma, and 3) an increase in myeloperoxidase activity 
in brain homogenates. Recently, Garcia et al. [l3] 
reported that PMNLs could be detected in rat brain 
subjected to MCAO through insertion of a nylon 
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monofilament as early as at 30 min, peaking at 12-24 h, 

and falling to a few cells at day 7, while macrophages 

were seen at 4--6 h after occlusion. They concluded that 
the PMNL-associated inflammatory response contrib
utes to delayed progressive tissue damage in focal 
stroke. PMNLs in the tissue may be responsible for the 
production of L TB4, -C4, and -D 4' release of large 
amounts of thromboxane, prostacyclin, PGE2, and 
vasoconstrictors, which trigger the further chain of 
reactions [12]. Kochanek and Hallenbeck [25] have 
suggested that LTB4 receptor binding is a potential 
marker of inflammatory cell infiltration in infarcted 
tissue. 

Microglial cells which were thought to form part of 
the supporting structure (termed Hortega cells, 
mesoglia, etc.) have been shown to convert into an 
active form through stimulation by certain unknown 
mediators released from dying neurons or degenerat
ing axons (probably IL-l). Employing a video
enhanced contrast microscope, we observed that 
microglia cultured on an astrogliallayer begin to move 
by using lamellipodia [20]. The reactive microglia may 
release various mediators, including astrocyte growth 
factor which stimulates glial proliferation [7]. On the 
other hand, ameboid microglial cells are monocytes 
which migrate from blood into the tissue through the 
disrupted BBB. 

Stage 4: Macrophages (monocytes and microglia, 
although it is difficult to differentiate the two types of 
macrophages immunochemically), which were mostly 
situated in the periphery, begin to increase in the 
ischemic core. At least several days after the insult 
activated monocytes reach a peak of secretory activity 
and release of neurotoxins [17]. Stimulation of the 
microglia yields soluble factors that both increase the 
number of astroglial cells and reduce the number of 
neurons. The astroglial proliferation can be blocked by 
incubation with an IL-I receptor antagonist, while 
neurotoxic effects can be inhibited by N-methyl-D
aspartate (NMDA) receptor antagonists. Retardation 
of the phagocytotic activities has beneficial functional 
and histological effects [15]: microglia-suppressing 
drugs reduce the production of neurotoxic factors and 
improve the functional outcome from ischemic injury 
[14]. The amoeboid microglia plays the most active 
part by engulfing debris, releasing cytotoxins, killing 
neighboring cells, and secreting astroglial growth fac
tors. 

Stage 5: The tissue softens, liquefies, and once the 
debris is removed by macro phages the lesion becomes 
cystic. Fibroblast proliferation and therefore fibrosis is 
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rare in an infarct. Astrogliosis is prominent in lesions 
with new capillaries. 

Intervention 

The critical role of white cells in the pathogenesis of 
secondary brain damage has been examined by several 
authors, employing animals depleted of circulating 
white cells by specific antineutrophil antiserum [2,18, 
37], anti-CD 18 antibodies [6,27,30,41], or chemo
therapeutic agents [11,23]. Table 1 summarizes the 
results obtained. The pretreatment protocol had ben
eficial effects in 5 out of 6 reports. However, adminis
tration of pharmacological agents immediately before 
a stroke attack is not a practical proposition in clinical 
cases. The effects ofleukopenic or leukocyte inactivat
ing procedures after an ischemic insult are apparently 
not conclusive. Other trials (lower part of Table 1), 
such as to scavenge oxygen free radicals with liposome
entrapped SOD4, or to prevent immune reactions with 
cyclosporin A [38], chloroquine or colchicine [16] 
promised to be effective. 

Clinical Relevance 

There are several debatable issues concerning a 
white cell involvement in clinical ischemic stroke. Al
though numerous animal experiments in various set
tings have been performed to clarify the pathogenesis 

Table 1 
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of the microvascular derangement, clinical cases of 
ischemic stroke differ in view of the following respects: 
1) stroke patients are mostly old, whereas experimental 
animals are young, so that endothelial cells of the 
former may have somehow become predisposed (pos
sible upregulation of adhesive molecules) due to long
standing risk factors; 2) the delicate intricacies of a 
long clinical course of cerebral ischemia can hardly be 
predicted from short experimental observations; 3) 
there might be species differences in the cytokines in
volved; and 4) specific agents such as fMLP, LPS, 
zymosan A, etc. are used to stimulate white cells and/ 
or microglia in experimental animals. Although the 
evolution of ischemic tissue changes resembles an 
inflammatory process, clinical ischemic stroke is not 
accompanied by 1) remarkable leukocytosis, 2) fever, 
3) suppurative changes in the ischemic core, 4) corre
lation between the severity of ischemic stroke and 
leukocyte counts, or 5) beneficial effects of steroids 
throughout any stage of the ischemic progress. Pozzilli 
et al. [34] have found that leukocytosis was associated 
with infarct size, an impaired level of consciousness 
and poor clinical outcome. However, it is very difficult 
to rule out that the leukocytosis was due to masked 
infections of the respiratory tract, or urinary tract in 
comatous patients. Circulating white blood cells, 
both PMNLs and monocytes, are activated and show 
an increasing adhesiveness during the acute [5,19, 
29,56], or even chronic phases [55] when their filter-

Good Author 
outcome 

Drug Species Organ Method Duration Parameters 

Leukopenia or inactivation before ischemic insult 
Yes Grogaad (1989)18 antineutrophil antiserum 
Yes Dutka (1989)11 mechlorethamine 
No Schott (1989)36 antineutrophil antiserum 
Yes Helps (1991 )22 mechlorethamine 
Yes Bednar (1991)2 antineutrophil antiserum 
Yes Clark (1991)6 anti-CDl8 antibody 

Leukopenia or inactivation after ischemic insult 
No Grogaad (1989)18 antineutrophil antiserum 

2 min after reperfusion 
Yes Lindsberg (1991)26 anti-CD18 antibody 

30 min after reperfusion 
Yes Mori (1992)29 anti-CD18 antibody 

15 min before reperfusion 
No Takeshima (1992)40 anti-CD18 

Other trials 
Yes Chan (1987)4 
Yes Giulian (1990)16 
Yes Shiga (1992)37 

45 min after onset of MCAO 

liposome-entrapped SOD 
chloroquine and colchicine 
cyclosporin A 

rat forebrain CC occlusion I h CBF 
dog brain air embolism I h ischemia 
dog brain cardiac arrest 1-2-6-12-24 h 
rabbit brain air embolism 3h 
rabbit brain thromboembolism 4 h 

CBF andCSEP 
neurologic deficit 
CBF andCSEP 
CBF andICP 
motor function rabbit spinal cord aortic occlusion 

rat forebrain CC occlusion 

rabbit spinal cord aortic occlusion 

baboon brain 

cat brain 

3hMCAO 
I h reperfusion 
1.5 h MCAO 
+ 3 h reperfusion 

rat brain trauma 
rabbit spinal cord aortic occlusion 
rat brain nylon thread 

18 h 

1 h 

18 h 

3+ I h 

1.5+ 3 h 

CBF 

motor function 

no-refiow 

CBF and CSEP 
ischemic volume 

30 min-2 h-24 h edema 
3 days ischemia neurological function 
I day after edema, infarct size 
perfusion 

CC carotid artery, MCAO middle cerebral artery occlusion, CSEP cortical sensory evoked potential, SOD superoxide dismutase. 
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Ischemic stroke 

Fig. 2. Multimodality of secondary brain damage in focal cerebral 
ischemia 

ability is examined. The order of activation is mono
cytes>PMNLs>lymphocytes [29]. Although Pozzilli 
et al. [34] and Wang et al. [57] have demonstrated 
leukocyte accumulation in cerebral infarct in clinical 
cases, a discrepancy seems to exist between actual 
clinical events and experimental conditions prevailing 
in animals. The clinical neuropathologist, Prof. Haruo 
Okazaki, Mayo Clinic, Rochester (personal communi
cation), holds the view that PMNL involvement tends 
mostly to be limited to the perivascular space and that 
few PMNLs only emigrate into the ischemic tissue of 
the brain in ischemic stroke patients. 

Our conclusions are as follows: 1) In view of the very 
tight cerebrovascular-parenchymal interface and 
dense glial sheath (membrana limitans superficialis 
gliae), the traffic of PMNLs in and out of the brain is 
very much restricted in the early phase of ischemia. 
Nevertheless, the microvascular derangement per se is 
strongly facilitated by an involvement of PMNLs 
adhering to endothelial cells. 2) Marked monocyte 
infiltration occurs with maturation of the ischemic 
tissue damage, which may accompany, or be accompa
nied by disruption of the BBB. 3) Microglia modify the 
process of ischemic tissue damage. The changes, thus, 
do not appear to comprise a spatially confined self
perpetuating process involving the ischemic tissue 
alone. There are various overlapping aspects (Fig. 2): 
ischemic stroke, genomic or molecular biological 
changes, inflammatory changes, immune reactions, 
hemorrheologicaI disturbances, coagulation, etc. 
These factors occur together and are often causally 
interrelated. We may face the important questions 

37 

whether the inflammation-resembling processes, even 
though limited to the vicinity of the cerebral vessels, in 
fact, protect or repair the tissue rather than destroying 
it? Or whether the immune reaction of the microglia is 
harmful or beneficial for the ischemic tissue? Further, 
what are the mediators of the injurious mechanisms 
and how might they be controlled for the purpose of 
instituting a rational therapy? 
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Summary 

Cytokines which promote emigration of leukocytes from the vas
cular lumen into the injured brain tissue are produced at the site of 
incipient cerebral infarction. The blood-borne invaders then acceler
ate the decomposition of brain cells by their toxic by-products, 
phagocytic action, and by the immune reaction. Recently accumu
lated data in our laboratories and other research facilities show that 
depleting the amount of circulating leukocytes or administering anti
inflammatory chemicals such as cytokine blocking agents, anti-adhe
sion molecule antibodies, and immunosuppressants effectively 
minimize the size of ischemia induced cerebral infarction. Based on 
the fact that leukocyte invasion of the affected brain tissue occurs 6 to 
24 hours after onset of ischemia, administration of an anti
inflammatory therapy may widen the therapeutic window against 
stroke. 

Keywords: Cerebral infarction; stress protein; cytokines; 
inflammation of the brain. 

Introduction 

Ischemic brain cell death has been generally de
scribed as "death by energy failure" leading to pan
necrosis. The temporal evolution of ischemic 
infarction can take minutes to hours, and the focal 
brain damage is almost always associated with second
ary brain cell injury which takes place hours to days 
after the initial ictus. 

In this regard, however, damage and subsequent cell 
reaction to ischemia vary according to the severity and 
length of ischemia. If and ischemic insult is mild or of 
short duration,only selectively vulnerable neurons are 
damaged. As the ischemic period is prolonged, the 
selectiveness of cell damage is lost, and tissue damage 
progresses in a more general fashion. In the case of 
severe focal ischemia, the center becomes pan-necrotic, 
and this is termed infarction. 

Intra-Ischemic Events During a Lack of Energy 

After inhibition of energy production by ischemia, 
the immediate complication is a stalling of the ion
pumping ATPases with subsequent breakdown of 
transmembraneous ionic gradients. Failure ofNa, K
ATPase activity, the most noticeable immediate 
change, allows intracellular potassium ions to leak into 
the extracellular space and sodium ions to accumulate 
intracellularly. This produces membrane depolariza
tion, leading to influx of Ca2+ through activation of 
voltage dependent Ca2+ channels. Intracellular Ca2+ 
accumulation in presynaptic neurons causes a 
nonspecific, nonphysiological release of neurotrans
mitters from presynaptic terminals, which in turn fa
cilitates agonist-(receptor-) mediated hydrolysis of 
inositol phospholipids through activation of phospho
lipase C. As a consequence, triphosphoinositol is 
cleaved into 1, 2-diacylglycerol (DG) and inositol 1, 4, 
5-triphosphate (lP3). In the ischemic brain, DG is 
decomposed by di- and monoacylglycerol lipases, 
resulting in the liberation of free fatty acids. IP3 on 
the other hand, increases the cytoplasmic Ca2+ concen
tration by releasing Ca2+ -ions from intracellular Ca2+ 
stores. 

In postsynaptic neurons, in addition to the opening 
of voltage-dependent Ca2+ channels, receptor-oper
ated Ca2+ channels are activated by neurotransmitters 
such as glutamate and aspartate. This facilitates again 
a marked increase in the concentration of cytosolic 
Ca2+ combined with the mobilization ofCa2+ by IP 3 and 
IP4• This increase in cytosolic Ca2+-ions induces non
specific activation of phospholipase A2 and of other 
phospholipases, which subsequently accelerate decom-
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position of membraneous structural phospholipids, 
such as phosphatidyl choline (PC) and phosphatidyl 
ethanolamine (PE). Liberation of palmitic- and doco
sahexaenic acids, which indicates a decomposition of 
PC and PE starts 2 to 3 min after the onset of ischemia 
[2]. On the other hand, there have been reports that 
prolonged ischemia, as long as 30 min decomposes 
16 % of membrane PE [14], and that 37 % of free 
arachidonic acid accumulated during 30 min of 
ischemia is released from membrane PC [5]. 

Post-Ischemic Events Following 
Restoration of Energy 

Needless to say that brain tissue cannot survIve 
under continuous ischemia in a state of permanent 
energy fail~re. If, however, effective blood flow is re
stored to the tissue before affected brain cells have 
passed a point of no-return toward necrosis, in the 
tissue a stereotypical recovery process commences. In
termediate metabolites derived from the above men
tioned decomposition of membraneous phospholipids 
serve as second messengers and initiate life saving 
cascade reactions, both in neurons as well as in sur
rounding glia cells. 

Restoration of blood flow in post-ischemic brain 
tissue might be compared with the supply of serum to 
incubated brain cells in serum-free incubation media. 
Similar to the serum supply, post-ischemic reperfusion 
re-energizes affected brain cells. Through phosphory
lation of regulatory enzymes neurons and glial cells 
start to express immediate early genes, even though 
general protein synthesis in these brain cells is mark
edly suppressed due to a disordered amino acid trans
port across the plasma membrane and degradation of 
ribosomes from polysomes to monosomes. 

Thereafter, some of the corresponding immediate 
early gene products, the proteins contribute to the 
formation of transcription factors, such as nerve
growth-fact or-inducible protein A (NGFI-A), which 
contains a zinc-finger domain, fos/jun families which 
contain a leucine zipper domain, c-myc (leucine zipper 
and helix-loop-helix), and NGFI-B (steroid hormone 
receptor transcription factor). It is noteworthy that 
even though the expression of heat shock protein 70 
mRNA (HSP 70 mRNA) has been hitherto unknown, 
it becomes clear that induction of the zinc-finger gene 
proceeds through expression of HSP 70 mRNA. A 
possible assumption based on this is that these tran
scription factors may play important roles in the ex-
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pression of heat shock proteins and perhaps in 
expression of other types of stress proteins including 
amyloid precursor protein (APP) 751 and 770 mRNA. 
APP 751 and 770 are known to contain the Kunitz
type protease inhibitor domain, which has been recog
nized as protease nexin II, a strong chymotrypsin 
inhibitor [10]. Super oxide dismutase, catalase, ornithin 
decarboxylase, and other inducible proteins are also 
termed stress proteins, even though their actual roles 
have not yet been clarified. Many members of the 
heat shock protein family (from 8 kDa ubiquitin to 
110 kDa HSP) are known as molecular chaperones for 
degradative, unfolded, or newly synthesized nascent 
polypeptides. 

The above-mentioned cascading reactions, namely 
expression of immediate early genes, induction of the 
corresponding formation of transcription factors, and 
of stress proteins may increase resistance of the 
affected brain cells to the provocated ischemic changes. 
Once such conditions are established the cell acquires a 
certain tolerance (reduced susceptibility) towards sec
ondary ischemia. Mechanisms underlying this phe
nomenon may also involve down-regulation of 
intracellular receptors of the signal transduction sys
tem beside de novo synthesis of stress proteins. 

However, if this organized response does not suffice 
for the brain cells to escape impending cell death, 
neurons and glial cells synthesize then a variety of 
trophic factors and up-regulate corresponding recep
tors on the surface of the target cell membrane. In this 
fashion, activated astrocytes, and perhaps microglial 
cells attached to or in the vicinity of troubled neurons 
support their recovery processes. 

Mechanism Underlying Ischemia-Reperfusion Injury 
in Focal Lesions 

If the above-mentioned lifesaving steps in a focal 
lesion fail to maintain viability of the affected brain 
tissue, additional defense is sought through the induc
tion of cytokines and establishment of so-called 
cytokine networks. For instance, interleukin-I (IL-l) 
facilitates induction of SOD in neurons, proliferation 
of astroglia and induces intercellular adhesion mol
ecule-I (ICAM-I) on the endothelial surface. Tumor 
necrosis factor-a (TNF-a) and interferon-y (IFN-y) 
secreted by activated T cells induce Class I and II major 
histocompatibility complex (MHC) antigens on the 
surface of neurons and astroglia [4]. 

Particularly, TNF-a and IL-l f3 are believed to be 
powerful up-regulators of leukocyte-endothelium ad-
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hesion molecules (CD-Ila and CDIS). The cytokine
induced neutrophil chemoattractant (CINA)/IL-S is 
suggested to playa critical role in invasion of damaged 
brain tissue by neutrophils [11]. Such post-ischemic 
inflammation of the brain consists of primary invasion 
by neutrophils which is then followed by immigration 
of monocytes. 

Recent data accumulated in our laboratories and 
other institutes strongly suggest that together with 
activated phagocytic microglia, emigrated neutrophils, 
blood-borne transformed macrophages, and immu
noreactive lymphocytes may actually kill brain cells 
surviving the primary ischemic insult. If this happens in 
peripheral tissues, the resultant necrotic mass is even
tually replaced by vital tissue through proliferation of 
surviving cells. Inflammation can there be considered 
as a process of healing. In contrast, neurons in the 
brain do not have an ability to proliferate. Thus, the 
result of the inflammatory scavenging process is either 
liquefaction of the debris or a fibrosing scar. Presum
ably the brain might be considered as a newcomer in 
front of the evolutionary well-established defense line. 
It could be recognized by the defense system as being of 
different nature once the blood-brain barrier is 
stripped off due to endothelial disruption and astro
cytic dysfunction. 

Summarizing the above-mentioned evolving pro
cesses, one may propose the following reaction se
quence: 

I Intra-Ischemic Reaction 

1) energy failure; 2) failure of ion pumps; 3) break
down of ionic and water homeostasis; 4) decomposi
tion of the plasma membrane and the micro-organella; 
5) autolysis of cells and pan-necrosis of the lesion 
(development of infarction). 

II Post-Ischemic Reaction 
with Restored Energy Metabolism 

1. Reaction confined within the post-ischemic tissue 
with higher energy state 
1) expression of immediate early genes and in

duction of corresponding proteins; 2) formation of 
transcription factors; 3) induction of molecular chap
erones and other stress proteins; 4) induction of 
trophic factors and up-regulation of corresponding 
receptors. 

K. Kogure et al. 

2. Reaction spreading out from tissue with a low en
ergy state 

5) induction of cytokines and up-regulation of recep
tors; 6) formation of cytokine networks; 7) leukocyte 
invasion and inflammation; S) exaggerated immune 
reaction; 9) pan-necrosis of the lesion (resultant 
infarction). 

Identification of the Point of No-Return 

It has been generally considered that the life of 
cells is lost following decomposition of the plasma 
membrane. Viability of the cell requires that the inter
nal matrix of the cell is physically and chemically iso
lated from the external environment to maintain its 
own homeostasis utilizing the plasma membrane as a 
barrier. But, one may entertain different views with 
regard to various experimental data available as fol
lows; 

If the degree of intra-ischemic injury is not so serious 
making possible improvement of the energy state by a 
restored blood flow, intermediate metabolites of mem
braneous phospholipids can act as second messengers 
which induce a programed process of reconstruction 
allowing the cell to recover its structural and functional 
integrity. 

If the degree of ischemia is serious, not only neurons 
but also glial cells participate in the recovery process. 
If, however, the ischemia-induced brain cell injury is 
even more severe, the damaged tissue is subjected to an 
inflammatory reaction, which seems to cause a final 
destruction of brain cells. At this stage, the neurons 
must have passed the point of no-return. 

Abe [1] and Aoki [2] reported recently that transient 
cerebral ischemia may cause dysfunction of the mito
chondrial shuttle system in neurons, the axonal termi
nal and dendrites. Once this happens, mitochondria 
may fail to obtain newly synthesized nuclear encoded 
mitochondrial protein. 

Thus, the cell may suffer from a secondary and 
irreversible energy failure. Occurrence of this pheno
menon is also suspicious to represent a point of no
return. From a logistic point of view the above
mentioned cytokine synthesis can occur only, if the 
cell is capable to transcribe messages encoded in 
DNA, and ribosomes are capable to conduct the trans
lational procedure. For this reason, we assume that 
the critical time point discussed above should be 
earlier than the secondary precipitation of the energy 
state. 



Inflammation of the Brain 

Prospective Drugs Against 
an Imminent Cerebral Infarction 

Based on the above sequence of events, specific strat
egies may be developed for the pharmacological treat
ment of acute stroke. Prospective methods are: 

1) depletion or inactivation of circulating leuko
cytes; 2) blocking of adhesion molecules; 3) blocking of 
the release of cytokines and of their effects; 4) adminis
tration of immunosuppressants to attenuate exagger
ated immunoreactions. 

We have tested the above propositions with the 
following results: 

I) Administration of an anti-neutrophil monoclonal 
antibody (RP-3) [8], x-ray irradiation of rats [13], and 
pretreatment of animals with colchicine [8] were mark
edly suppressing formation of post-ischemic brain 
edema and/or minimizing the size of infarction. 2) 
Anti-adhesion molecule antibodies, named IA-29 
(anti-ICAM-I antibody), both WT-I and WT-3 (anti
CD Ila and CD 18 antibody, respectively) were 
effectively suppressing post-ischemic brain damage [6]. 
3) PAF antagonist (Y-24180, unpublished data by 
Matsuo et al.), IL-I blocking agent (ZnPP), anti-IL-I 
antibody, and IL-I release inhibitor, were blocking 
expansion of post-ischemic brain injury [12]. 4) Immu
nosuppressants such as cyclosporin A [9] were mini
mizing post-ischemic tissue damage. 

Professor Scheinberg once expressed his dissatisfied 
feeling on recently available clinical drugs against 
acute stroke and commented that "Treatment of acute 
stroke is still disappointing despite the development of 
many promising pharmacological strategies in experi
mental animals. An important part of the reason may 
be that opening of the window of therapeutic opportu
nity is much shorter than the usual entry time of pa
tients in most clinical trials. This logistic problem 
merits serious attention" [7]. 

From his follower's experimental data as reviewed 
here, it is concluded that it may be possible to design 
useful drugs against ischemic stroke. The use of anti
inflammatory agents may widen the window of thera
peutic opportunity. 
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Summary 

Unique insights into the topography of local metabolismlblood 
flow interrelationships in focal cerebral ischemia have been afforded 
by the recent development of powerful image-processing techniques 
permitting three-dimensional (3D) autoradiographic image-averag
ing and analysis of replicate studies by a novel method termed 
"disparity analysis". This method, based upon a linear affine trans
formation model, directly estimates scaling, translation and rotation 
parameters simultaneously. The method was validated in awake 
Wister rats studied for local cerebral glucose metabolism (lCMRgI) 
with 14C-2-deoxyglucose. Brains were subserially sectioned, aligned 
by disparity analysis, and mapped into a common template so as to 
generate aggregate 3D data sets of the mean and standard deviation 
of the entire series (n=9). Internal anatomic architecture was faith
fully represented in the average image, and Fourier analysis revealed 
satisfactory retention of low-frequency information. The method 
was then applied to study metabolismlbloodflow relationships in the 
acute focal ischemic penumbra of Sprague-Dawley rats subjected to 
distal photothrombotic middle cerebral artery (MCA) occlusion, 
coupled with permanent ipsilateral and I h contralateral common 
carotid artery occlusions. Matched series were studied for ICBF at 
1.5 h and for ICMRgl at 1.25-2 h post-occlusion. The averaged ICBF 
image revealed the ischemic penumbra (defined as ICBF 20-40 % of 
control) to form a "shell" around the cortical ischemic core and a 
confluent aggregate at the anterior and posterior poles of the core
zone. ICMRgl in the penumbra was heterogeneous, ranging from 
near-normal to markedly increased. An average ICMRglllCBF ratio 
data set revealed marked metabolism-flow uncoupling in penumbral 
pixels, averaging nearly five-fold above control ratio values. Sus
tained deflections of the DC potential were recorded in the penum
bra, the site of marked uncoupling. This analysis defined for the first 
time the 3D topography of the ischemic penumbra and substantiated 
marked metabolism/flow dissociation, which is believed to be a 
metabolic consequence of the energy demand imposed by repeated 
peri-infarct depolarizations. 

Keywords: Image-processing; local cerebral blood flow; glucose 
metabolism; disparity analysis. 

Introduction 

Traditionally, autoradiographic studies of local ce
rebral glucose utilization (lCMRgl) or blood flow 
(lCBF) have been carried out on representative coronal 
sections of individual animal brains. Access to anentire 
three-dimensional (3D) autoradiographic image data 
set, however, would in principle offer several advan
tages: the ability to view the brain from multiple planes 
or sections; and, more importantly, the potential to 
average data from replicate series, which would greatly 
simplify region-of-interest analysis and would provide 
the capability for arithmetic manipulations of data sets 
derived from different series. The development of 3D 
autoradiography has been limited by methods avail
able for the alignment (registration) of sequential sec
tions. Previous registration methods have included the 
principle-axes method [6], which is efficient but unsatis
factory if images tend to be round or if bilateral image 
symmetry is lacking (as in damaged sections). A second 
approach, cross-correlation, utilizes similarities of spa
tial distributions of gray-level values [3]. A third ap
proach, feature-matching, necessitates selection of the 
same feature points from two images and becomes less 
robust if fewer common features can be extracted [9]. 

We developed a novel approach for aligning autora
diographic images that overcomes most difficulties ex
perienced by previous methods [17,18]. This method, 
termed "disparity analysis," is based upon a linear 
affine transformation model to analyze point-to-point 
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disparities in two images and is a direct method that 
estimates scaling, translation and rotation parameters 
simultaneously without second-step transformations. 
The method is general and flexible, utilizing the same 
basic principle to deal with different situations such as 
damaged or asymmetric sections. The theory of this 
method has been previously presented [18], and the 
method has been recently validated in a series of studies 
in normal rats, described below [17]. 

A major challenge in studying the pathophysiology 
of cerebral ischemia is to achieve a precise metabolic 
and hemodynamic appreciation of the ischemic pen
umbra - a temporally and spatially dynamic region of 
intermediate lCBF [4,7]. Success in developing 3D 
auto radiographic image-averaging has allowed us to 
investigate this problem precisely, using a highly ser
viceable photothrombotic model of distal middle cere
bral artery (MCA) occlusion. Below, we describe as 
well the major findings of that study [1]. 

Theory of Image Registration by Disparity Analysis 

As proposed by Henderson et al. [S], let f(i, j) and 
g(k, l) be two digital images. Let C = {(i, j; k, I)} be the 
geometric location (i, j) inf, corresponding to the geo
metric location (k, I) in g. i, j; k, I belong to set R. We 
say that T geometrically registers fwith respect to g if 

1) T: R x R ~ R x R, and 
2) T(k, I) = (i, j) for every (i, j; k, I) in C. 

Tis called the registration transform (or function) of 
f with g. The set C is called the control point set, where 
every four-tuple defines one control point pair: (i,j)-(k, 
I). In order to register fwith respect to g, we define 

f' (i,j) = f(T(i,j)) (1) 

as the registered image of f with g. -This intermediate 
step of computing f' is performed in reverse for regis
tration since T produces a value at each pixel off' by 
going back to a pixel (or neighborhood) inf[17, 18]. 

Let ;;s,T = (x, y) be a point on the boundary of a 2D 
coronal section and;;s,'T = (x', y') be the corresponding 
point in the second image. We assume an affine trans
formation relationship between the two points, 

;;s,' = Ax + {;, + g(K), (2) 

where 4 is a 2 x 2 affine matrix, and where g(;;s,) repre
sents noise and/or minor local differences of the two 
boundaries. The disparity vector d(;;s,) is simply 

d(;;s,) =;;s,' -;;s, = Bx + {;, + g(;;s,), (3) 

where !1 = 4 -I and I is the 2 x 2 identity matrix. 
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The physical meaning of this linear affine model is as 
follows: 2D translation is represented by the vector {;,. 
The matrix 4 contains information including 2D rota
tion, 2D angular deformation (shearing), and height 
and width changes. It has been shown [IS, 16] that 3D 
rotation or tilting of a planar patch results in linear 
shape changes that can be represented by a 2D matrix 
operation. Indeed, the affine matrix 4 can be uniquely 
decomposed: 

A =A A A (l< O)(COSIX 
- -I-a-r 0 I . 

y sm IX 

( COS ° -sin 0) 
sin 0 cos 0 

sin IX) 
cos IX 

(4) 

With simple algebraic and trigonometric manipula
tions, we obtain (16), 

IX = o.S( arctan (:::) + arctan (:::) ), 

e = o.S( arctan (:::) - arctan(::~)). (S) 

In other words, for a given 4, the 2D rotation angle e, 
the deformation angle a, and the height and width 
changes (scale factors), Ix and I,., can be computed 
uniquely from the matrix elements. 

Consider N points on the boundary of a coronal 
section ;;s,;, i = 1,2, ... ,N. If the corresponding boundary 
points ;;s,';, i = 1,2, ... , N, in the next image were known, 
the point-to-point matching problem would be solved. 
The image point;;s,; differs from its corresponding point 
;;s,'; by a disparity vector, d; = d(;;s,) = ;;s,'; - ;;s,;. Thus, dis
parity analysis is an automated method to locate a 
large number of pairs of corresponding points. The 2D 
vector d; can be decomposed into a component tangen
tial to the boundary in the first image and a component 
perpendicular to the tangent. The tangential compo
nent cannot be measured without knowing di . For the 
perpendicular component, let us superimpose the sec
ond boundary on the first one and draw a perpendicu
lar to the tangent of the first boundary at point;;s,i until 
it intersects the second boundary. The difference be
tween the intersection point and;;s,i is then the measured 
perpendicular component. Let 11i be the normal vector 
in the direction of the perpendicular component and Vi 
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be the magnitude of the component. Then, the magni
tude of perpendicular component is the projection of 
disparity vector onto the normal vector, 

\' =nTd .. 
I -1-1 (6) 

The disparity vector {L cannot be recovered from the 
measured Vi alone. However, if we substitute Eq. (3) 
into (6), we can formulate a mean-square error prob
lem with respect to a set of optional elements in A. and 
{;. 

N 

G = L (n';(Bx i + {:) - vY (7) 
i~l 

where I> is due to the differences between the projection 
of the computed disparity vector onto the normal vec
tor and the measured perpendicular components. De
tailed derivations of a closed-form solution of A. and {; 
can be found in [18]. 

Materials and Methods - Validation Studies 

Local cerebral glucose utilization (lCMRgI) was measured in 9 
fasted awake male Wister rats. weighing 240--350 g [17]. Animals 
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were initially anesthetized with halothane by face mask for insertion 
offemoral catheters to monitor arterial blood pressure and to sample 
arterial blood gases. Rectal temperature was maintained at 37°C. 
Animals were then encased in a plaster body cast allowing partial 
movements of forelimbs and hindlimbs; the cast was attached to a 
lead brick, and animals were allowed to awaken in a quiet, dimly lit 
room. They were studied 2 h after recovering from anesthesia. Physi
ological values were within normal limits, with PC02 = 34.0 ± 
3.5 mm Hg, arterial pressure = 110 ± 5 mm Hg, and plasma glucose 
= 142 ± 23 mg/dl (means ± SD). 

ICMRgl was measured with 14C-2-deoxyglucose in the usual man
ner [13]. Brains were rapidly removed and frozen by gradual immer
sion in liquid nitrogen; they were subsequently transferred to a 
cryostat at -20°C, carefully aligned with respect to their antero
posterior axes, and sectioned subserially at 100 Jlm intervals. Sec
tions and calibrated standards were placed on Kodak Hyperfilm 
f3max film for a I O-day exposure. Films were then scanned at 100 Jlm 
resolution on a rotating-drum densitometer (Optronics) interfaced to 
an image-processor and Micro-VAX computer system. To achieve 
3D image-alignment, the disparity analysis method was first applied 
to align the approximately 200 coronal forebrain sections from each 
brain. Each of the 9 resulting 3D image data sets could then be 
inspected as a 3D stack or as coronal sections (Fig. 1). The 9 image 
sets were then co-registered with one another with respect to their 
longitudinal axis, using a standard reference level (bregma + 0.7 mm, 
[II D. The disparity analysis method was then reapplied to co-align 
respective coronal data sets at each level. This yielded an average 3D 
image data set as well as a 3D data set of the standard deviation. To 
achieve this result. I of the 9 brains was designated the "template," 

Fig. I. 14C-2-deoxyglucose autoradiographic studies oflocal cerebral glucose utilization (ICMRgI) in normal awake Wistar rats. Upper left: 
Digitized coronal section derived from an individual brain. Upper right: Coronal section from the averaged image data set at the same level. 
Lower left: Coronal section from averaged data set at level of mid-thalamus. Lower right: Horizontally sectioned average 3D data set 
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and the other 8 were mapped into its external contour. Fourier 

analysis of line-scans of individual and average coronal images was 
undertaken in order to assess the fidelity of the average image data set 
with respect to its internal architecture, when compared to individual 
autoradiograms. 

Results and Discussion - Validation Studies 

Image Deformation and Averaging 

Figure 1 depicts a coronal section from a typical 
individual brain at the level of mid-striatum, and com
pares it to the section from the average data set at the 
same level. The average image retains the major fea
tures apparent in the individual section, with a slightly 
"defocused" appearance. Figure 1 also displays the 3D 
image data set sectioned in the horizontal plane; the 
internal anatomic features (caudoputamen, thalamus) 
of this averaged brain are smooth, continuous and 
readily identifiable. 

Feature-Comparison Studies 

For this analysis, we constructed lines on 4 coronal 
sections which traversed defined anatomic structures 
(e.g., caudoputamen, thalamus, dorsal hippocampus, 
medial geniculate body, auditory cortex). These lines 
were scanned on the template brain, on the 8 other 
individual brains following their deformation to the 
template, and on the average image data set. Mean 
correlation coefficient for the deformed sections vs. 
template sections was 0.93 ± 0.01. Line-scans through 
the averaged auto radiograms were very similar to the 
template but appeared smoother, and the troughs 
tended to be somewhat truncated. Fourier analysis 
revealed that spectra representing the averaged sec
tions retained most of their low-frequency information 
but had somewhat less high-frequency information 
compared to individual brains. Region-of-interest 
lCMRgl measurements were carried out on representa
tive structures of the averaged brains at four coronal 
levels and were compared to ROI measurements taken 
from individual brains and then averaged. The mean 

percent difference between the two sets of readings for 
24 structures was 3.4 ± 5.0 %, and the correlation co
efficient between the two data sets was 0.99 (p < 0.0001) 
[17]. 

To summarize, 3D autoradiographic image-averag
ing of a replicate series yields accurate and highly 
serviceable data. Advantages of this approach include: 
1) the more ready identification of group trends in the 
average image than would be apparent from inspection 
of individual data sets; 2) a vast simplification of re
gion-of-interest analysis since ROI analysis can be 
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performed directly on the average and standard-devia

tion data sets; 3) this method allows volumes-of-inter

est (defined with respect to certain threshold levels of 
metabolism or blood flow) to be readily computed 
from the averaged 3D data set; 4) an atlas-based ROI 
strategy becomes feasible as an atlas overlay can be 
mapped into the common template; 5) the ability to 
map several series of brains into a common 3D space 
provides the means for rigorous comparison of two or 
more animal series studied under varying conditions or 
by different radiotracer strategies. An example of the 
latter forms the basis of the second part of this report 
[1] . 

Materials and Methods - Focal Ischemia Studies 

These studies were carried out in fasted male Sprague-Dawley rats 
weighing 250-265 g, which were anaesthetized with halothane, 
endotracheally intubated, immobilized with pancuronium and artifi
cially ventilated. Femoral vessels were catheterized. Rectal and ipsi
lateral temporalis muscle temperatures were maintained at 37°C by 
feedback-controlled heating lamps. The common carotid arteries 
(CCA) were exposed bilaterally. A surgical procedure previously 
described [10,14] was used to expose the right distal middle cerebral 
artery above the rhinal fissure via a small temporal craniotomy, 
leaving the dura intact. The right MCA was photothrombotically 
occluded by irradiating three of its distal branching points as previ
ously described [10], utilizing an argon laser-activated dye laser tuned 
to 562 nm at power of 20 m W; the single laser beam was split into 
three beams, which were positioned individually at the designated 
branch points. The photosensitizing dye rose bengal (15 mg/ml, 1.34 
mllkg) was administered i.v. prior to MCA irradiation. Five min after 
onset of irradiation, the snare ligatures were tightened around both 
CCAs. The right CCA remained permanently occluded, and the 
contralateral CCA occlusion was released after Ih. 

Rats were randomly assigned to two groups (n=7 each). In one 
group, local cerebral blood flow (ICBF) was measured with 14C_ 
iodoantipyrine injected 1.5 after induction of ischemia [12]. In the 
second group, local cerebral glucose utilization (lCMRgl) was mea
sured with 14C-2-deoxyglucose, administered 1.25 h post-MCA oc
clusion, with a 45-min study period. Brains were removed and 
processed for autoradiography as described above (see Validation 
Studies). 3D autoradiographic image data sets were constructed for 
each animal. After alignment of individuallCBF or lCMRgl images, 
corresponding coronal sections from all brains of the same series 
were registered with one another with respect to a common coronal 
reference level. One brain of each series served as a template, and the 
corresponding sections of the other brains were mapped into its 
contour by means of the averaging procedure described above under 
Validation Studies. In this manner, quantitative 3D reconstructions 
of averagedlCBF and ICMR data sets were computed and could be 
displayed. Standard deviation data sets were also computed. An 
average CMRgl/CBF ratio data set was then calculated essentially 
by dividing every individual lCMRgl study by every individual 
lCBF study and subsequently double-averaging (details presented in 
[I]). 

A computer thresholding tool allowed us to produce selective 3D 
constructions depicting only those pixels lying within predefined 
thresholds for ICMFgl, ICBF or the lCMRglllCBF ratio. We elected 
specifically to analyze those pixels of the 3D ICBF data set having 

blood flow in the moderately reduced range (defined as 20-40 'Yo of 
contralateral values) to permit the study of metabolism-flow uncou
pling in the ischemic penumbra. 
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Results and Discussion - Focal Ischemia Studies 

Physiological variables were within the normal 
range in both groups. Mean CBF of the non-ischemic 
hemisphere was 1.17 ± 0.48 mllg/min [1], and no focal 
areas of reduced flow were detected contralaterally. In 
the ischemic hemisphere, ICBF showed a marked flow 
gradient from cingulate to frontolateral cortex, with 
values ranging from 0.01-0.80 mllg/min. The epicenter 
of the most severe flow reduction was in the lateral 
frontoparietal cortex and was surrounded by zones of 
more moderate flow reduction. In the ischemic hemi
sphere, a volume of 117 ± 55 mm3 exhibited ICBF 
values below 20 % of contralateral control, which cor
responded closely to the volume of completed 
histopathologic infarct previously documented in this 
model [10]. Flow values in the penumbral (borderzone) 
range (i.e., lying between 20-40 % of contralateral val
ues) were present in a tissue volume of 136 ± 30 mm3• 

These data thus yield the surprising insight that the 
volume of the initial ischemic penumbra is fully as large 
as the volume of the severely ischemic core during the 
first 1-2 h following MCA occlusion. 

ICMR of the ischemic hemisphere showed metabolic 
suppression below 50 % of the contralateral value in a 
volume of85 ± 43 mm3. Within the ischemic penumbra 
(as defined by the above ICBF criteria), ICMRgl 
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proved to be remarkably preserved at levels of 
30-75/lmolI100g/min. IndividuallCMRgl brains re
vealed foci of hypermetabolism in over one-half of 
animals, with occasional values as high as 160 /lmol/ 
100g/min, but with marked inter-animal and inter
regional heterogeneity. Comparative analysis of the 
relationship between hemispheric brain volumes show
ing ICBF reduction and metabolic suppression re
vealed that, for comparable percentages of reduction, 
significantly larger volumes of the ischemic hemisphere 
were affected by lCBF reduction than by depressed 
ICMRgI- signifying marked metabolism-flow uncou
pling. This disparity increased markedly at higher flow 
ranges [1]. 

The mean CMRgI/CBF ratio in the non-ischemic 
hemisphere, as determined in the averaged ratio data 
set, was 51.0 ± 28.7 /lmo11100ml [1]. We thus defined 
values over 108/lmo11100ml (i.e., values exceeding the 
upper 95 % confidence limit of the mean ratio) to 
represent significant increases. While there were no foci 
of increased ratio in the non-ischemic hemisphere, the 
ischemic hemisphere showed significant metabolism
flow uncoupling. Within the ischemic penumbra 
(defined as ICBF 20-40 % of control), the mean 
CMRgl/CBF ratio increased nearly five-fold to 
234 ± 100 /lmoll1 OOml and ranged between 108 and 
490 /lmo11100 ml. These findings, taken together, indi-

-- -~ 
o 7:J ml/g/min 0.4 7 000 lImol/l00g/mio 00.00 000 lImol/100ml 50000 

Fig. 2. Thresholded autoradiographic images derived from averaged 3D data sets of rats with distal MCA occlusion. Left column: lCBF, 
thresholded between 20 and 40 % of control. Center column: lCMRgl values displayed for those pixels defined in the left column (lCBF 20-40 % 
of control). Right column: CMR/CBF ratio image for those pixels defined by the 20-40 % lCBF criterion. Upper row: Anterior pole of the 
ischemic lesion. Lower row: Center of the ischemic lesion. Penumbral pixels demonstrate well-preserved glucose utilization and markedly 
elevated CMR/CBF ratio values, averaging nearly five-fold above control values 
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cate that ICMRgl is well maintained in the early 
ischemic borderzone despite ICBF values close to the 
threshold of ischemic injury. At ICBF values above 
0.3 ml/g/min, glucose hypermetabolism is observed, 
accounting for the extreme degree oflCMRgl/CBF ratio 
elevations. Figure 2 shows representative illustrations. 

These results attest to the fact that 3D image-averag
ing permits powerful insights into the 3D topography 
of the ischemic penumbra, specifically: 1) that the vol
ume of the early penumbra (as defined on the basis of 
an lCBF range) is substantial, and that the penumbra 
forms a "shell" around the ischemic core and is particu
larly concentrated at the anterior and posterior poles 
of the core; and 2) that, in spite of considerable meta
bolic heterogeneity within the acute penumbra, this 
zone nonetheless displays a highly consistent pattern of 
extremely marked (nearly 5-fold) metabolism/flow un
coupling. 

On the basis of correlative electrophysiological stud
ies in this [1] and other models [2,8], it is well estab
lished that the penumbra is the site of recurrent 
ischemic depolarizations which result in marked bioen
ergetic demands imposed by the need to reestablish 
ionic equilibria [4]. 

To summarize, 3D image-averaging techniques offer 
powerful advantages over conventional approaches in 
defining the quantitative metabolic and hemodynamic 
topography of evolving ischemic lesions. Particular 
advantages include the opportunity to derive averaged 
image data sets based upon replicate studies; to calcu
late volumes of deranged metabolism or blood flow; 
and finally, to perform arithmetic manipulations (e.g., 
computation of the CMR/CBF ratio) on averaged 3D 
imaged data sets. This general approach offers great 
promise for the study of focal cerebral activation and 
the effects of pharmacologic agents upon the normal 
and abnormal brain. 
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Origins of Glutamate Release in Ischaemia 
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Summary 

Using microdialysis coupled to on-line detection of glutamate, and 
recording electrical activity and field potential at the same tissue site, 
we have shown that the increase in extracellular glutamate under 
global penumbral conditions is minor. However, in the border of the 
ischaemic core, recurrent spreading depression is presumably associ
ated with transient vesicular release of glutamate (exocytosis). With 
ischaemic insults severe enough to provoke anoxic depolarization, 
such as in the ischaemic core, exocytosis only occurred for a few 
minutes because it requires ATP hydrolysis, and the magnitude of 
this release was minor in comparison with that of the total glutamate 
efflux. Subsequent experiments with a selective inhibitor of high
affinity glutamate transporters suggested that reversal of glutamate 
uptake may not be a major contributor to the sustained release of 
glutamate in this condition. 

These results, and other considerations, do not favour the view 
that presynaptic glutamate release and reversed glutamate uptake 
are suitable targets for neuroprotection in ischaemia. Acting post
synaptically to inhibit recurrent spreading depression (NMDA-re
ceptor antagonists) or to modulate long-lasting enhancement of 
synaptic efficiency (,anoxia-induced long-term potentiation') appear 

to be more rational strategies. 

Keywords: Cerebral ischaemia; glutamate release; excitotoxicity; 
microdialysis. 

Introduction 

It is now accepted that excessive opening of 
glutamate-operated ion channels plays a major role in 
ischaemia-induced neuronal death, and one possible 
triggering factor may be increased extracellular 
glutamate [28,43]. This article summarizes recent de
velopments which have improved our insight into the 
origins of glutamate release in ischaemia, and discusses 
their implication for neuroprotection in stroke. It fo
cuses on data obtained by microdialysis with selected 
models of cerebral ischaemia; for a recent analysis of in 
vitro data, see ref. [32]. 

Possible Origins of Glutamate Efflux in Ischaemia 

Under resting conditions, the level of glutamate in 
the cytoplasm of brain cells is around 10,000 times 
higher than that in the extracellular space, a gradient 
maintained by acidic amino acid carriers present in 
both presynaptic and glial plasma membranes [29]. As 
glutamate is the major excitatory transmitter in the 
brain, these carriers are essential for terminating the 
postsynaptic action of neurotransmitter glutamate. 
They are characterized by a high (2- 50 J..lM) affinity for 
glutamate, and a unique coupling to Na+ and K+ [16]. 
Transport of glutamate into presynaptic terminals or 
neuroglia requires the simultaneous presence of exter
nal Na+ and internal K+, and its efficacy is dependent 
on the Na+/K+ gradient across the plasma membrane 

(L-Irans-PDC) 
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Fig. 1. High-affinity, Na+-dependent L-glutamic acid uptake. 
Glutamate influx through this carrier-mediated system requires the 
simultaneous presence of external Na+ and internal K+, and the level 
of transport is determined by the gradients of Na+ (out>in) and K+ 
(in>out) [17]. This transport mechanism is reversed by increasing 
extracellular K+ [17,44]. L-lrans-PDC (L-trans-pyrrolidine-2,4-
dicarboxylate) is a selective inhibitor of high-affinity glutamate carri
ers, but which also releases glutamate by heteroexchange because it is 
"transportable" [12] 
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[17] (Fig. 1). The plasmalemnal carriers are different 
from the transporter which concentrates further 
glutamate into presynaptic vesicles. Vesicular loading 
is Na+ -independent, and driven by the internal positive 
membrane potential that is generated by a vesicular 
ATPase pumping protons into the vesicle [25]. 

As with the mechanism for GABA reuptake [39], 
glutamate uptake can be reversed by high external K+ 
[17,44]. In glial cells isolated form the retina of sala
mander, raising external K+ to 10 mM was sufficient to 
reverse glutamate uptake; this effect was activated by 
intracellular glutamate and Na+, and increased by 
membrane depolarization [44]. The reversal of 
glutamate uptake has two important features: (i) It 
results from a change in the driving forces (i.e. ionic 
gradients) (Fig. 1) and not from an alteration of the 
carrier protein; (ii) the resulting efflux of glutamate is of 
cytoplasmic origin (metabolic pool of glutamate) and 
therefore Ca2+ -independent. As cerebral ischaemia im
plies deficiency of the Na+/K+ ATPase [8] leading to 
disruption of the transmembrane ionic gradients with 
anoxic depolarization [13], moderate insults are likely 
to produce an imbalance between glutamate efflux and 
uptake [4], whereas more severe insults may reverse 
glutamate uptake processes [44]. 

Another potential source of glutamate efflux in 
ischaemia is exocytosis of neurotransmitter glutamate, 
i.e. release from presynaptic vesicles (Fig. 1 ). A number 
of arguments indicate that neurotransmitter glutamate 
is released by exocytosis: The Ca2+ -dependency of 
glutamate release from synaptosomes [30], the pres
ence of glutamate in synaptic vesicles [42], and the 
effective accumulation of glutamate in highly purified 
synaptic vesicles [25]. In addition, tetanus and botuli
num neurotoxins, which selectively cleave proteins 
mediating the docking of vesicles with the presynaptic 
plasma membrane [3], markedly inhibited depolariza
tion-induced glutamate release from both synapto
somes [3,27] and cultured cerebellar granule cells 
[7,46]. 

All exocytotic processes share a feature which is 
critical within the context of ischaemia-energy depen
dency. Vesicular release in response to a stimulus is 
tightly regulated, mainly at the fusion step, and this 
step involves ATP hydrolysis [41] (Fig. 2). As ATP 
rapidly decreases during ischaemia [24,31], exocytosis 
of glutamate is likely to be limited in this condition. 

Cellular swelling subsequent to ischaemia [18,19,22] 
may also contribute to increasing extracellular 
glutamate concentration because hypotonic-induced 
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Fig. 2. Exocytosis or vesicular release. Neurotransmitters 
(glutamate) are stored in synaptic vesicles of which a subpopulation 
is docked to the 'active zone' at the presynaptic plasma membrane. 
Stimulation of the nerve terminal leads to an influx of Ca2+ 

(Ca-dependency), triggering fusion and neurotransmitter release. 
The critical step from docking to fusion requires A TP-hydrolysis, 
and the ATPase activity may reside in the N-ethylmaleimide-sensi
tive fusion (NSF) protein itself[41]. P;, inorganic phosphate 

swelling of cultured astrocytes caused release of intra
cellular glutamate [20]. The swelling-induced gluta
mate release, which did not appear to involve reversal 
of the Na+-dependent uptake system, was inhibited by 
a number of anion transport inhibitors [20], including 
L-644,711 which improved outcome in an experimen
tal brain trauma/hypoxia model [21]. Finally, in addi
tion to the potential mechanisms outlined above, 
cellular lysis may also be responsible for glutamate 
leakage and high extracellular glutamate levels in 
ischaemia. 

Materials and Methods 

Our methods were described in detail in original publications 
[36,37,47]. Briefly, changes in extracellular glutamate concentrations 
were measured using intracerebral microdialysis [2] in anaesthetized 
rats. Dialysate glutamate levels were measured by HPLC [36], or by 
on-line enzymatic analysis whenever optimal time resolution was 
required [34,49]. In all our experiments, EEG and extracellular direct 
current (DC) potential were recorded with a chlorided silver wire 
incorporated within the microdialysis probe [33]. This allowed us to 
correlate changes in extracellular glutamate with those in electrical 
activity and ionic homeostasis, i.e. with the severity of ischaemia. 

Selected animal models were used depending on the hypotheses 
to be tested: (i) Graded forebrain ischaemia produced by partial 
4-vessel occlusion [36]; (ii) Cortical spreading depression (SD) 
evoked by microdialysis application of high K+ [37], to investigate 
whether glutamate may be released during recurrent SD which 
propagates from the ischaemic core to surrounding regions [14]; and 
(iii) proximal middle cerebral artery occlusion (MCAO) or cardiac 
arrest to examine the time course of changes in extracellular 
glutamate with severe ischaemia rapidly producing anoxic depolar
ization [47]. 

Glutamate Release in the Ischaemic Penumbra 

Determination of glutamate efflux in the penumbra 
(i.e. regions where electrical activity is abolished but 
ionic homeostasis preserved) [1] is important, because 
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glutamate receptor antagonists reduced the volume of 
infarction in experimental focal ischaemia [26] but 
failed to be neuroprotective in models of transient 
severe global ischaemia [5,10]. As the penumbra is a 
narrow region in the rat MCAO [45] whose distribu
tion may be perturbed by the implantation of a 
microdialysis probe [2], we have modified the 4-vessel 
occlusion rat model of cerebral ischaemia to produce 
sustained and controlled periods of penumbral 
ischaemia in the forebrain. During 30 min of penum
bral ischaemia, extracellular concentrations of excita
tory amino acids in the striatum increased slightly but 
did not reach critical levels. Massive overflow of neuro
active compounds only occurred with sustained anoxic 
depolarization [36] (Fig. 3). These data strongly sug
gest that excitotoxic processes in the penumbra are not 
related to changes in the extracellular level of 
excitatory amino acids generated within this region. 
With focal ischaemia however, excessive glutamate 
could leak from the ischaemic core, damage nearby 
neurons with further efflux of glutamate, extending 
tissue damage according to a self-propagating event. 
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Fig. 3. Changes in dialysate glutamate during cerebral ischaemia of 
graded severity (bottom traces). Microdialysis probes, incorporating 
an electrode for the recording of EEG and DC potential (upper 
trace), were implanted in the striatum of rats anaesthetized with 
halothane. Dialysate glutamate concentration was continuously 
monitored by enzyme-fluorescence [34]. Two to three hours after 
implantation, animals were subjected to the following procedure: 
(i) 20 min of penumbral conditions (i.e. EEG silence without anoxic 
depolarization) produced by controlled 4-vessel occlusion [36]; (ii) 40 
min of recirculation; (iii) 5 min of complete ischaemia; (iv) >60 min 
recirculation before cardiac arrest. Note that marked glutamate 
efflux only occurred during complete ischaemia with anoxic depolar
ization. Data are from a single representative experiment. The bot
tom left insert shows the changes in dialysate glutamate during 
penumbral conditions; its scale is 20 fold expanded in comparison 
with that used for representing glutamate changes throughout the 
procedure 
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Careful examination of glutamate toxicity in rat cere
bellar slices has invalidated this hypothesis; as long as 
the transmembrane Na+ and K+ gradients were main
tained, which is the case in the penumbra, high 
glutamate in the incubation medium was only toxic to 
the outermost regions of the slice [11]. 

An alternative cause of glutamate efflux in the pen
umbra is recurrent SD, which propagates in regions 
adjacent to the ischaemic core and contributes to the 
extent of tissue damage [14]. Glutamate release has 
long been suspected to occur during SD because this 
event is associated with Ca2+-influx, and both SD trig
gering and propagation require functional NMDA
receptor ionophore complexes [23]. Previous attempts 
to demonstrate glutamate efflux with SD did not pro
vide conclusive evidence [9,40] because microdialysis 
inhibited SD propagation by buffering the transient 
increase in extracellular K+ associated with it [38]. We 
showed that increasing the K+ concentration in the 
perfused artifical cerebrospinal fluid (CSF) dose-de
pendently restored SD propagation and revealed a 
large, synchronous transient increase in extracellular 
glutamate [37,38] (Fig. 4). As both SD elicitation and 
propagation are Ca2+ -dependent [15], glutamate 
released during SD is probably of vesicular origin. 
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Fig. 4. Representative glutamate release evoked by propagating SD. 
Microdialysis probes were implanted in the cerebral cortex of rats 
anaesthetized with halothane, and dialysate glutamate was moni
tored by enzyme-amperometry for optimal time resolution [49]. SD 
was elicited by application ofK + 3 mm in front of the recording probe 
(horizontal dotted lines). SD did not propagate through the regions 
immediately surrounding the microdialysis probe when it was per
fused with control artificial CSF (left K+-stimulus). Increasing the 
concentration of K+ in the perfusion medium to 30 and 60 mM 
(middle and right stimulus, respectively; horizontal solid lines) dose
dependently restored SD propagation and showed marked 
glutamate release synchronous with SD. The small sustained in
creases in dialysate glutamate were a direct effect of30 and 60 mM K + 
application. Data are from Obrenovitch and coworkers [38], with 
permission of the authors and Raven Press Ltd 
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Time Course and Origins of Glutamate Release 
in the Ischaemic Core 

The time course of changes in extracellular 
glutamate and their Ca2+ -dependency were studied in 
the rat striatum during focal cerebral ischaemia using 
microdialysis coupled to flow analysis of the dialysate 
[47]. When the probe was perfused with control 
artificial CSF, ischaemia produced a biphasic increase 
in extracellular glutamate which started from the onset 
of ischaemia. During the first phase lasting around 10 
min, dialysate glutamate increased by around 30 )lM. 
Then, dialysate glutamate increased progressively to 
its maximum (80-85 )lM), reached after 55-60 min of 
ischaemia, where it remained for at least 3 h [47]. A 
similar pattern of changes was obtained during com
plete ischaemia produced by cardiac arrest, with a 
probe implanted in the rat cerebral cortex and dialy
sate glutamate recorded by enzyme-amperometry 
(Fig. 5). 

The early component of the extracellular glutamate 
kinetic was no longer detectable when Ca2+ was omit
ted from the perfusing medium [47], suggesting that it 
originated from vesicular glutamate. This implies that 
residual A TP was maintained at a level sufficient to 
sustain exocytotic release for several minutes after 
ischaemia onset, probably at the expense of phospho
creatine whose depletion precedes that of ATP [31]. 
Experiments with cardiac arrest (Fig. 5) showed that 
exocytotic release during ischaemia was closely associ-
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Fig. 5. Biphasic changes in dialysate glutamate (bottom trace) and 
corresponding DC potential (upper trace) during complete 
ischaemia produced by cardiac arrest (CA). Microdialysis probes 
were implanted in the cortex of rats anaesthetized with halothane, 
and dialysate glutamate recorded by enzyme-amperometry. In this 
experiment, the first (exocytotic) phase of glutamate release was 
especially marked; note that it was closely associated with anoxic 
depolarization. Data are from Zilkha and coworkers [49], with per
mission of the authors and Elsevier Publishers 
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ated with anoxic depolarization, an event which com
bines massive Ca2+ influx [13] with residual ATP levels 
of around 1/3 normal [35]. 

In order to test whether the second phase of 
glutamate release in ischaemia was due to reversal of its 
uptake, the effect of selective blockade of high-affinity 
glutamate transporters was studied, using L-trans
pyrrolidine-2,4-dicarboxylate (L-trans-PDC), a new 
selective inhibitor of these transporters [12]. L-trans
PDC was applied through the micro dialysis probe, 
starting 10 min before cardiac arrest and continued 
throughout the post-mortem recording period. Al
though 2.5 mM L-trans-PDC markedly increased 
basal levels of dialysate glutamate (Fig. 6) the time 
course of postmortem glutamate changes was barely 
altered. The maximum rate of release during the first 
exocytotic phase, and the increase in dialysate 
glutamate, appeared slightly exacerbated (Table 1), 
but the kinetic of the second, Ca2+ -independent phase 
was essentially unaltered (Fig. 6). The latter observa
tion does not support that reversal of glutamate uptake 
is a major contributor to increased extracellular 
glutamate in ischaemia, but this finding must be inter
preted with caution, because L-trans-PDC is a com
petitive (i.e. transportable) inhibitor of the glutamate 
transporters which also evokes glutamate release by 
heteroexchange [12,48]. 

o 10 20 30 
Time after cardiac arrest (min) 

Fig. 6. Glutamate release produced by cardiac arrest (CA): Effect of 
blockade of high-affinity glutamate transporters. Microdialysis 
probes were implanted in the cortex of rats anaesthetized with 
halothane, and dialysate glutamate recorded by enzyme-fluorescence 
[34]. In 6 experiments, 2.5 mM ofL-trans-PDC (a selective inhibitor 
of high-affinity glutamate transporters) were added to the perfusion 
medium, starting 10 min before cardiac arrest (upper trace). In the 
control group (n= 6), control artificial CSF was perfused throughout 
the procedure (lower trace). Although L-trans-PDC consistently 
produced a marked step increase in the basal levels of dialysate 
glutamate, it did not markedly alter the kinetic of glutamate release 
produced by cardiac arrest. Each trace is the average of 6 experiments 
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Table 1. Effect of Glutamate Uptake Inhibition (2.5 mM L-Trans-PDC in ACSF) on the First (Exocytotic) Phase of Glutamate Release 
Following Cardiac Arrest 

Time after cardiac arrest for Maximum rate of Change in dialysate level at 
maximum rate of release (sec) release (MM min-I) the end of this phase (MM) 

Control ACSF 157 ± 8 5.5 ± 0.6 14.2 ± 0.8 

L-trans-PDC 150 ± 6 7.1 ± 0.5 17.8 ± 1.4 

ACSF P = 0.53 P = 0.055 P= 0.053 

Values are mean ± S.E.M., n = 6; P comparison to the control group by Student's test. 
ACSF artificial cerebrospinal fluid. 

Conclusion and Comments 

Our findings strongly suggest that the ischaemic 
penumbra is not exposed to sustained increased extra
cellular levels of glutamate. Marked glutamate release, 
presumably of vesicular origin, only occurs transiently 
with propagating SD. During severe ischaemia with 
anoxic depolarization, the increase of glutamate levels 
in the extracellular space is biphasic, and most of the 
released glutamate is of non-vesicular origin, probably 
from both neurons and glia. In addition, selective inhi
bition of presynaptic vesicular glutamate release may 
be difficult because the synaptic machinery for release 
of neurotransmitter glutamate is not unique to 
glutamatergic synapses [27], nor to synaptic transmis
sion in general, but common to a wide range of secre
tory and membrane-fusion processes [41]. Interfering 
with glutamate transporters to reduce release through 
reversed uptake is also prone to problems because it is 
likely to also reduce the efficacy of normal high-affinity 
glutamate uptake. These findings and considerations 
do not favour therapeutic strategies aimed at prevent
ing or reducing excessive release of glutamate in 
ischaemia. Acting post-synaptically to inhibit recur
rent spreading depression (e.g. by NMDA-receptor 
antagonists) or modulate long-lasting enchancement 
of synaptic efficiency (' anoxia-induced long-term poten
tiation') [6] appear to be more rational strategies. 
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Summary 

Cerebral ischemia and severe head injury among others are associ
ated with a limited availability of oxygen, leading to cell catabolism 
as well as anaerobic glycolysis. Resulting metabolites, such as arachi
donic- and lactic acid, can be expected to leak into perifocal brain 
areas, contributing there to cytotoxic swelling and damage of 
neurons and glia. Since elucidation of mechanisms underlying cell 
swelling and damage in the brain is difficult in vivo, respective inves
tigations were carried out in vitro using suspended glial cells. 
Thereby, effects of arachidonic acid (AA) and oflactacidosis on glial 
cell volume, intracellular pH (pH), and cell damage were analyzed 
utilizing flow cytometry. AA led to an immediate, dose dependent 
swelling and intracellular acidosis of glial cells. A concentration of 
0.1 mM increased cell volume to 110 % of control and decreased pHi 
to 7.05. Whereas glial swelling was permanent, pHi recovered to 
baseline after 90 min. Cell viability of90 % remained unchanged after 
addition of AA up to 0.1 mM, while at 0.5 mM it was significantly 
decreasing. Glial swelling from AA was nearly completely inhibited 
by the aminosteroid U-74389F or by using a Na+-free suspension 
medium for the experiment. Acidification of the medium to pH 6.8 or 
6.2 led to a cell volume ofilO % or 120 % of control without affecting 
cell viability. The cells were not capable to defend their normal pHi 
during lactacidosis of the suspension medium but became acidotic as 
well. Addition of amiloride or utilization ofNa+ -free medium inhib
ited cell swelling from lactacidosis, while intracellular acidosis was 
even more pronounced. The results indicate that AA as well as 
acidosis are potent mediators of glial swelling and damage at levels 
found under pathophysiological conditions in the brain in vivo. 
Whereas intracellular acidification caused by AA was reversible, glial 
cells were unable to regulate their pHi during maintenance of extra
cellular acidosis. Concerning the mechanisms of glial swelling by AA, 
the production of oxygen- and lipid radicals might playa major role 
in the swelling process. The results indicate a role of the Na+/H+
anti porter in acidosis-induced glial swelling, whereas the exchanger 
has a limited significance for maintenance of pHi' As seen, the final 
pathway of glial swelling from both, AA and lactacidosis, requires 
a net influx of Na+-ions, probablY together with Cr-ions, and 
osmotically obliged water. 

Keywords: Glial cells; cytotoxic brain edema; arachidonic acid; 
acidosis. 

Introduction 

During pathophysiological events in the brain, such 
as ischemia or trauma, control of glial and neuronal 
volume is lost. The swelling of cellular elements in the 
brain - of glial endfeet or dendrites - is referred to as 
cytotoxic brain edema [3]. Development of brain edema 
and the resulting rise in intracranial pressure are of 
predominant significance and often determine the 
ultimate outcome of neurosurgical patients [1]. The 
mechanisms underlying swelling of brain cells are not 
completely understood, which may be attributable to 
the fact that during ischemia or brain trauma a multi
tude of processes becomes simultaneously activated in 
a particularly complex tissue. Among others, release 
and accumulation offree fatty acids as well as develop
ment of tissue acidosis are regularly observed during 
pathophysiological states in the brain [2,4,5,16,23]. 

The release of free fatty acids involves activation of 
phospholipases and breakdown of membrane phos
pholipids. Especially arachidonic acid (AA) as polyun
saturated compound and precursor of prostaglandins, 
1eukotrienes and oxygen-derived free radicals is 
considered to mediate pathological processes [41]. In 
cerebral ischemia concentrations of free AA of up to 
0.5 mMo1/kg may accumulate [23). Brain injury and 
seizures are also causing increased levels of free AA 
[4,5,32]. In addition to fatty acid liberation, patho
physiological events in the brain are associated with an 
enhancement of anaerobic metabolism and, thereby, 
development of intra-and extracellular 1actacidosis. 
In cerebral ischemia the extracellular pH may fall 
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below 6.0 with accumulation of lactic acid to a level 
of 20-30 mMollkg [16,24]. Because in vitro a higher 
level of control of experimental conditions is possible, 
the significance of isolated pathophysiological factors, 
such as AA or lactacidosis, was analyzed as to the 
induction of cell swelling, disturbance of pH(regula
tion, and cell damage. Flow cytometrical studies were 
performed for that purpose using C6 glioma cells or 
astrocytes from primary culture. 

Materials and Methods 

C6 glioma cells were cultivated as monolayers in Petri dishes using 
Dulbecco's modified minimum essential medium (DMEM) buffered 
with 25 mM bicarbonate. The medium was supplemented with 10 % 
fetal calf serum (FCS) and 100 IV/ml penicillin G and 50 Jlg/ml 
streptomycin. The cells were grown in a humidified atmosphere of 
5 % CO, and room air at 37°C. Glial cells from primary culture were 
prepared from the brain of 3-day-old rats according to a modified 
method of Frangakis and Kimelberg [9,19). The culture conditions 
were identical with those described above. For the experiments only 
confluent cultures were used. The cells were harvested with 0.05 % 
trypsin-0.02 % EDT A in phosphate-buffered saline and washed 
twice thereafter. After resuspension in serum-free medium the glial 
cells were transferred to a plexiglas incubation chamber supplied 
with electrodes for control of pH, temperature, and pO,. A gas
permeable silicon rubber tube in the chamber provided the cell 
suspension with a mixture of 02'C02, and N2. Details of the model 
have been published elsewere [18,19) 

The volume of the glial cells was determined by flow cytometry 
using an advanced coulter system with hydrodynamic focusing [14). 
The technique was also employed for measurement of cell viability by 
exclusion of the fluorescence dye propidium iodide (final concentra
tion: 40 Jlg/ml) [31,35). Excitation of the fluorochrome was induced 
by a Hg-light source following passage through a 500 nm short pass 
filter. Maximum emission of propidium iodide fluorescence at 
630 nm was measured by using a 580 nm long pass filter [35). A 
window integration system was employed for discrimination of 
propidium iodide-positive (dead) from non-fluoresceing (viable) cells 
[15). The fluorescence indicator BCECF was utilized for measure
ment of the cytosolic pH by flow cytometry [27,36). C6 glioma cells 
were loaded with BCECF-AM (10 JlM) for 20 min at 37°C in the 
incubation chamber prior to the experiment. BCECF was excited as 
described above, fluorescence emission of the cells was measured by 
employment of 532 and 630 nm band pass filters of20 nm band width 
each. The ratio of BCECF fluorescence intensities at these wave
length was utilized as measure of pH; [36). pH;-calibration was made 
after adjustment of the intra- to extracellular pH by the H+ -iono
phore nigericin at a K+ -concentration of 120 mM in the medium [38). 

The experiments were performed after a 45-minute control period 
for measurements of normal cell volume, viability and medium 
osmolality. Subsequently, the C6 glioma cell suspension was added 
with AA in a dose range of 0.01 mM to 1.0 mM (final concentra
tions). Cell volume and viability were examined for 90 min during 
incubation with AA. In further experiments swelling of C6 glioma 
cells by AA (0.1 mM) was studied during blocking of lipid 
peroxidation by the aminosteroid U-74389F (0.1 mM; Upjohn, 
Kalamazoo, MI, USA) as well as in a Na+ -free medium, where Na+
ions were replaced by choline and bicarbonate by 10 mM HEPES. 
pH; of C6 glioma cells was measured at AA concentrations in the 
medium of 0.05 or 0.1 mM. In experiments with astrocytes from 
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primary culture, cell volume and viability were studied at 0.05 or 0.1 
mMAA. 

In another experimental series the role of lactacidosis regarding 
changes in pH; and cell volume of glial cells was investigated. Follow
ing a control period, the pH in the suspension of astrocytes from 
primary culture was decreased from 7.4 to 6.8 or 6.2 by addition of 
isotonic lactic acid (-350 mM). Cell volume, viability, and pH; were 
measured for 60 min during lactacidosis and for another 30 min after 
restoration of the medium pH to 7.4 by addition of isotonic NaOH. 
The involvement of the Na+/H+ -antiporter in glial swelling and pH;
regulation was analyzed by employment of amiloride (0.1 mM) or 
suspension of the cells in Na+-free medium, the function of H+
channels by administration of ZnCI, (0.1 mM). 

Results 

Arachidonic Acid 

Administration of AA to the suspension led to im
mediate dose-dependent swelling of C6 glioma cells. 
Concentrations as low as 0.01 mM were found to 
increase cell volume to 103.0 ± 1.0 % (mean ± SEM) 
of control within 10 min (p < 0.01, Table 1). A volume 
increase to 112.2 ± 1.9 % or 121.1 ± 3.7 % of control 
was obtained, when the cells were administered with 
0.1 or 1.0 mM AA, respectively (p < 0.001). After a 
rapid swelling phase the increased cell volume was 
stable for the remaining observation period (Table 1). 
Additional experiments were performed to analyze 
mechanisms of the AA-induced glial swelling. Admin
istration of the aminosteroid U-74389F to scavenge 
lipid- and lipid peroxide radicals prevented cell swell
ing practically completely (p < 0.01). Similar results 
were obained when the experiments were conducted 
with choline for replacement ofNa+ -ions in the suspen
sion medium (p < 0.01) [36]. 

Viability of the C6 glioma cells was 90.6 ± 0.8 % 
under control conditions, and it remained unchanged 
after addition of AA up to a level of 0.1 mM. At 0.5 
mM, the number of viable cells after a delay of 10 min 
started to significantly decrease, eventually falling to 
72.8 ± 1.9 % at 90 min (p < 0.01). Upon incubation 
with AA at 1.0 mM, cell viability began immediately to 
decline. Only 32.7 ± 4.7 % of the C6 glioma cells were 
viable at 90 min (p < 0.001). 

Swelling and damage of C6 glioma cells by AA was 
confirmed in experiments using astrocytes from 
primay culture. Addition of AA at a dose level of 0.05 
or 0.1 mM led to significant swelling of astrocytes 
(p < 0.01), which was comparable to that of C6 glioma 
cells. Astrocytes were, however, more vulnerable. AA 
concentrations as low as 0.1 mM led already to a 
decrease in cell viability (p < 0.05) [36]. The intracellu-
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Table I. Volume (Top) and pHi (Bottom) of C6 Glioma Cells During Incubation with Arachidonic Acid 

Control Incubation with arachidonic acid 
Time [min] 

-15 -10 -5 5 10 30 60 90 

Control 99.85 99.93 100.22 100.28 100.68 100.36 99.75 100.03 99.78 
±0.52 ±O.19 ±0.41 ±0.55 ±0.58 ±0.49 ±0.39 ±0.76 ±0.87 

AAO.Ol mM 100.11 99.93 99.95 102.36 102.76 103.04** 104.85** 104.12** 104.30** 
±O.14 ±O.IO ±0.09 ±1.06 ±1.47 ±1.02 ±1.59 ±1.11 ±1.81 

AA 0.05 mM 100.00 100.22 99.77 104.15** 105.65** 105.67** 104.41 ** 103.83** 105.25** 
±O.14 ±O.10 ±0.08 ±0.82 ±1.28 ±1.50 ±1.38 ±1.32 ±1.34 

AAO.l mM 100.40 99.93 99.67 104.45** 110.04** 112.17** 111.00** 109.58** 108.85** 
±0.26 ±0.17 ±0.25 ±1.16 ±1.49 ±1.90 ±2.23 ±2.20 ±1.72 

AAO.5mM 99.48 100.73 99.79 106.55** 114.92** 115.08** 115.97** 116.22** 116.92** 
±0.35 ±0.53 ±0.48 ±2.68 ±2.99 ±1.77 ±3.86 ±3.59 ±3.38 

AA 1.0mM 99.73 100.79 99.48 108.07** 118.77** 121.07** 119.94** 127.42** 123.08** 
±0.28 ±0.31 ±0.26 ±1.32 ±1.47 ±3.72 ±3.23 ±3.32 ±6.42 

Control Incubation with arachidonic acid 
Time [min] 

-15 -10 -5 5 10 30 60 90 

Control 7.27 7.28 7.30 7.31 7.31 7.31 7.32 7.30 7.30 
±0.02 ±om ±0.02 ±0.02 ±0.02 ±0.02 ±O.OI ±0.02 ±0.01 

AAO.05mM 7.27 7.26 7.26 7.22* 7.12* 7.13* 7.19* 7.29 7.31 
±0.01 ±0.01 ±0.01 ±0.01 ±0.03 ±0.03 ±O.06 ±0.01 ±0.05 

AAO.Ol mM 7.26 7.26 7.25 7.12** 7.06** 7.09** 7.15** 7.24 7.25 
±0.02 ±0.02 ±0.02 ±0.02 ±0.03 ±0.02 ±O.03 ±0.02 ±0.01 

* P < 0.05 vs. Control, ** p < 0.01 vs. Control. 
Volume response (top) and intracellular pH (bottom) ofC6 glioma cells during exposure to different concentrations of AA (0.01 mM -1.0 mM). 
Means ± SEM of3-10 experiments per group are shown. Cell volume is given in percent of the control value obtained during the last 15 minutes 
of the control period. 

lar pH of C6 glioma cells was 7.3 during the control 
period (Table 1). AA led to a decrease of pH in a dose-

1 

dependent manner. Upon administration of 0.05 mM, 
or 0.1 mM, pHi fell within 5 min to 7.12 ± 0.03 
(p < 0.05), or to 7.06 ± 0.03 (p < 0.01), respectively. In 
experiments with 0.05 mM, pHi eventually recovered 
to the normal level, whereas pHi recovery remained 
incomplete when 0.1 mM were administered (Table 1). 
The AA-induced intracellular acidosis of glial cells 
could be significantly attenuated by the amino steroid 
U-74389F (p < 0.01). 

Lactacidosis 

As in previous studies, the volume of astrocytes from 
primary culture increased immediately upon extracel
lular acidification, with the extent of cell swelling de
pending on the level oflactacidosis and the duration of 
exposure (Table 2) [19,35]. For instance, lactacidosis of 
pH 6.8 resulted in cell swelling of 105.0 ± 1.7 % of 
control after 10 minutes with a further increase during 
ongoing acidosis up to 113.1 ± 7.4 % after 55 minutes 

(p < 0.01; Table 2). Lowering pH to 6.2 led to cell 
swelling of 110.0 ± 1.2 'Yo after 10 minutes whereas of 
121.4 ± 0.9 % within 55 minutes (p < 0.01). Following 
restoration of the medium pH to 7.4 after lactacidosis 
of pH 6.8, recovery of the glial cell volume was com
plete within 30 minutes, while after lactacidosis of pH 
6.2 normalization of the cell volume was incomplete 
(Table 2). Under control conditions, the pHi of astro
cytes was 7.06 ± 0.07, remaining constant for an obser
vation period of two hours (Table 2). Upon 
extracellular acidification astrocytes were not capable 
to defend their normal pHi' The intracellular pH fell to 
6.70 ± 0.05, or 6.33 ± 0.05 within one minute during 
lactacidosis of pH 6.8 or 6.2, i.e. more or less down to 
the level of the medium pH. Reestablishment of the 
medium pH to 7.4 was followed by an immediate 
increase of pHi to approximately 7.15, a pH-level simi
lar to that found before induction oflactacidosis in the 
suspension medium (Table 2). 

Attenuation or almost complete inhibition of glial 
swelling from lactacidosis (at pH 6.2) was obtained by 
addition of amiloride or employment of a Na+-free 
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Table 2. Volume (Top) and pHi (Bottom) oj AstrocytesJrom Primary Culture During Exposure to Lactacidosis 

Control, pH 7.4 Lactacidosis pH 7.4 
Time [min] 

-15 -10 -5 5 10 30 55 61 65 70 90 

pH 7.4 100.IS 99.S5 99.97 99.S6 99.50 99.94 99.40 100.1 9S.S9 9S.65 97.4S 95.SS 
±0.30 ±0.52 ±0.52 ±0.57 ±0.59 ±0.33 ±0.30 ±O.SI ±0.76 ±1.45 ±I.SS ±2.22 

pH6.S 100.13 100.03 99.S5 103.5S* 105.S4* 105.03* 109.62* 113.11 * 101.S7 102.9S 100.24 96.25 
±0.13 ±O.1S ±0.24 ±0.54 ±1.42 ±1.74 ±2.64 ±7.44 ±5.S3 ±5.99 ±7.S5 ±S.SI 

pH 6.2 100.35 99.93 99.72 107.06* IOS.51 * 109.95* 116.26* 121.44* 116.19* 112.15* 109.12* IOS.03* 
±0.26 ±O.l7 ±0.25 ±1.l9 ±0.75 ±1.23 ±1.40 ±0.93 ±1.96 ±2.26 ±0.96 ±2.41 

Control, pH 7.4 Lactacidosis pH 7.4 
Time [min] 

-IS -10 -S 5 10 30 SS 61 6S 70 90 

pH 7.4 7.0S 7.06 7.0S 7.0S 7.09 7.10 7.0S 7.10 7.09 7.0S 7.09 7.10 
±0.06 ±0.07 ±0.07 ±0.07 ±0.07 ±O.OS ±0.07 ±0.07 ±0.07 ±0.07 ±0.07 ±0.07 

pH6.S 7.0S 7.0S 7.09 6.70* 6.6S* 6.69* 6.71* 6.72* 7.10 7.IS 7.12 7.14 
±O.OS ±0.04 ±O.OS ±O.OS ±0.06 ±0.07 ±0.07 ±0.06 ±O.OS ±0.06 ±0.07 ±0.06 

pH 6.2 7.0S 7.07 7.07 6.33* 6.2S* 6.20* 6.2S* 6.27* 7.05 7.13 7.14 7.IS 
±0.03 ±O.OS ±0.04 ±O.OS ±0.03 ±O.lO ±0.04 ±0.03 ±0.04 ±0.02 ±0.03 ±0.02 

* P < O.ol vs. pH 7.4. 
Cell volume (top) and intracellular pH (bottom) ofastrocytes from primary culture after titration of the extracellular pH from 7.4 to 6.S, or 6.2 
with isotonic lactic acid. 5-6 experiments were performed in each group. Cell volume and pHi following neutralization of the medium pH after 
60 min exposure to lactacidosis is seen at the right. 

suspensionmedium(p < 0.01). Theintracellularacido
sis of astrocytes, however, was more pronounced in 
these experiments, particularly in the studies using 
Na+-free medium (p < 0.01). On the other hand, block
ing of H+ -channels by ZnCl2 not only was diminishing 
intracellular acidosis but also glial swelling from AA 
(p < 0.01). 

As in previous studies, viability of astrocytes from 
primary culture was not affected by lactacidosis up to 
pH 6.2 within a time period of 2-3 hours, even not 
when inhibitors or modified media were employed 
[19,35]. 

Discussion 

The present results demonstrate the powerful poten
tial of AA or lactacidosis to induce swelling as well as 
intracellular acidosis of glial cells [19,35,36]. The 
effects were found at concentrations of AA or pH
levels, which occur in brain tissue in vivo under patho
physiological conditions, such as focal injury or 
ischemia [2,4,5,16,23,24]. 

Arachidonic Acid 

Exposure of glial cells to abnormal levels of AA 
may initiate a variety of mechanisms which are likely 
to playa role in the cell swelling process. Metaboliza
tion of arachidonic acid along its various degradation 

pathways with formation of prostaglandins, throm
boxanes, hydroxy- or hydroperoxy fatty acids, leuko
trienes and lipoperoxides or reactive oxygen radicals 
[41] altogether could be liable to contribute to cell 
swelling from arachidonic acid. Primary cultured as
trocytes have been reported to generate superoxide 
radicals from AA [8]. The radicals in turn may lead to 
peroxidation of membrane lipids and accumulation of 
lipid peroxides by free radical attack and removal of 
H+ from unsaturated fatty acids in a radical chain 
reaction [7]. Oxygen-derived free radicals and lipid 
peroxides not only damage plasma membranes but 
also membranes of subcellular organelles, such as mi
tochondria [8]. Damage of the cell membrane by these 
radical compounds is likely to increase its permeability 
to Na+-ions as a mechanism underlying cell swelling. 
Moreover, the colloid osmotic pressure in the intracel
lular compartment caused by the negatively charged 
proteins might enhance the influx ofNa+ -ions [39]. The 
resulting net accumulation of Na+-ions in the cell can
not be compensated for by an increased activity of the 
Na+-pump, because arachidonic acid is an inhibitor of 
the Na+/K+-ATPase [37]. Polyunsaturated fatty acids 
are known to have adverse effects on oxidative phos
phorylation in mitochondria. Hillered and Chan found 
inhibition of the respiratory activity of isolated mito
chondria from brain tissue by AA [12]. Inhibition of 
mitochondrial respiration is likely to activate glycoly
sis associated with an increased lactic acid production 
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by the glial cells. As seen, administration of arachi
donic acid to the glial cell suspension was lowering the 
intracellular pH in a dose-dependent fashion (Table 1). 
Whereas cell swelling was maintained for the remain
ing observation period, pHj was found to recover 
within 50--80 min, though. Induction of intracellular 
acidosis by arachidonic acid might have resulted in a 
variety of responses, such as activation ofH+ -exchange 
mechanisms and free radical reactions [11,33]. En
hancement of radical formation and of lipid 
peroxidation by acidosis has been observed in brain 
tissue homogenates. Generation of free radicals under 
these conditions specifically increases the protonated 
'0; moiety, i.e. the level of hydroperoxyl radicals 
('OOH), which are stronger oxidants and more lipid 
soluble than superoxide radicals [33]. The maximum of 
intracellular acidification was attained within 5 min 
after addition of arachidonic acid to the glial cell sus
pension, however, followed by subsequent recovery of 
pHj' Recovery of the intracellular pH was probably 
accomplished by activation of the Na+/H+-antiporter 
as a response to the decreasing pHj [11]. The normaliza
tion of pHj by the exchange of H+- against Na+-ions 
leading to intracellular accumulation ofNa+ may have 
contributed to the cell swelling from arachidonic acid 
[36]. 

Viability of the C6 glioma cells started to decline, 
when arachidonic acid concentrations in the suspen
sion medium were raised to 0.5 mM, a level observed in 
brain tissue in vivo in cerebral ischemia[23]. The corre
sponding AA-concentration threshold associated with 
impairment of viability of primary cultured astrocytes 
was, however, definitely lower. This indicates that as
trocytes were more vulnerable to arachidonic acid than 
glioma cells, irrespective of their lower viability (i.e. 
80 %) already under control conditions [36]. The 
mechanisms underlying irreversible damage of astro
cytes or of C6 glioma cells by arachidonic acid are not 
yet completely understood. Formation of oxygen de
rived free radicals and oflipid peroxides from the fatty 
acid must be considered among others. These reactive 
compounds are liable to damage almost all structural 
components of a cell, interfering with metabolism and 
function. Damage of the cell membrane may also result 
in an increased Ca2+ -permeability, permanently raising 
cytoplasmic Ca2+-levels with its fatal consequences, 
such as mitochondrial Ca2+ -overload or activation of 
lipases and other catabolic enzymes [30]. The latter is 
considered to playa major role in neuronal and glial 
cell death in the brain, for example in cerebral ischemia 
[34]. Enhancement ofCa2+-fluxes into synaptosomes of 
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rat brain and spinal cord nerve cells by free radicals and 
lipid peroxidation products has been demonstrated in 
vivo [6]. The predominant role of increased cytoplas
mic Ca2+-levels notwithstanding, the pathochemical 
properties of arachidonic acid itself may suffice to 
inflict irreversible cell injury. Due to its amphophilic 
nature arachidonic acid can be incorporated into the 
plasma membrane [17]. At high concentrations, 
amphophilic fatty acids, such as arachidonic acid ag
gregate into micelles, acquiring the ability to incorpo
rate membrane lipids [17]. Arachidonic acid containing 
micelles have detergent properties, rendering them ca
pable of dissolving the plasma membranes. 

Lactacidosis 

The significant role of acidosis, especially lactaci
dosis, for swelling and damage of brain cells is known 
for quite a while [10,13,19,28,35]. The volume of C6 
glioma cells as well as of astrocytes from primary 
culture was found to increase, when the extracellular 
pH was titrated to pH 6.8 or below (Table 2). Viability 
of the cells remained unchanged down to pH 6.2, how
ever, at a pH-level of 5.6 the number of viable cells 
started to decline [35]. Concerning underlying mecha
nisms, glial swelling from acidosis has been assumed to 
be caused by membrane transport systems involved in 
pH(regulation, such as the Na+/H+ -antiporter [11,26], 
CrJHCO;-exchanger [22], and Na+/HCO;-cotrans
porter [21,29]. Activation of these mechanisms as an 
attempt to defend pHj during acidosis may finally lead 
to accumulation of Na+- and Cr-ions in the cell and, 
thereby, osmotically obliged water [13,19,35]. Accord
ingly, glial swelling from acidosis could be reduced or 
even completely blocked by amiloride, an inhibitor of 
the Na+/H+-antiporter or suspension of the cells in 
Na+-free medium. 

A most interesting observation in this study is prob
ably that astrocytes from primary culture as well as C6 
glioma cells were not able to maintain their normal pHj 
during acidosis in the extracellular compartment, as 
also observed by other authors (Table 2) [26,28]. The 
results may indicate, that regulation of pH( although 
activated - simply failed, as it could not compensate 
the steep extra-/intracellular H+-gradient induced by 
acidification of the extracellular compartment. This 
assumption is supported by augmentation ofthe intra
cellular acidosis during inhibition of the Na+/H+
antiporter by amiloride, or omission of Na+-ions from 
the medium, respectively. Therefore, the Na+-depen
dent transport systems seem to be activated for extru-
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sion of H+ -ions leading to accumulation of Na+ -ions, 
hence, cell swelling, while they are not capable to con
trol pHi under these conditions [20,40]. The effect of 
ZnCl2 is not completely explained so far, which was 
shown to reduce glial swelling and to attenuate intrac
ellular acidosis at a medium pH of 6.2. A possible 
explanation is blocking of Zn2+ -sensitive H+ -channels 
in glial cells, which have been demonstrated in other 
cell types, for instance snail neurons [25]. Flux of H+
ions trough these H+-channels among others may fa
cilitate intracellular acidification upon induction of an 
extracellular acidosis. 

The question remains, nevertheless, why the glial 
cells were not able to maintain their normal pHi during 
extracellular acidosis, although pHi-regulating mecha
nisms were likely to be activated. Obviously, a net 
intracellular acid load is dependent not only on extru
sion of acid, but also on the velocity of its entry, as 
determined by H+ -permeability of the cell membrane. 
In view of the fact, that glial cells have an important 
function for maintenance of homeostasis of the extra
cellular space in the brain, the lack of an effective pH( 
regulation might relate with their role in cerebral 
acid-base regulation. The polarity of glial cells, local
ized between neurons and the capillary bed could as
sign them to transport protons from the neuronal 
extracellular environment to the blood vessels. Such an 
unidirectional acid transport could be associated with 
a non-uniform distribution of transporters and ion
channels over the cell membrane in vivo [29]. In vitro, 
however, the polarity might disappear and transport
ers and ion-channels redistribute randomly over the 
cell membrane, making glial cells particularly vulner
able to acidification from environmental acidosis 
[20,40]. 

Taken together, the present data demonstrate that 
arachidonic acid as well as lactic acid induce swelling, 
intracellular acidosis, and damage of glial cells ob
tained from an established cell line or from primary 
culture. The findings support that release and accumu
lation of arachidonic acid and the development of 
tissue acidosis in the brain under pathological condi
tions, such as ischemia or trauma, play an important 
role in cytotoxic brain edema and cellular injury. The 
present results provide a basis for further studies on 
underlying mechanisms as well as for the development 
of specific methods of treatment. 
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Summary 

After permanent ligation of the middle cerebral artery the motor 
function of rats housed in an enriched environment, i.e. cages with 
opportunities for various activities but not forcing the rats to do any 
particular task, is significantly better than in rats housed in individual 
cages. Rats kept in an enriched environment before and after MCA 
ligation improved sooner and slightly more than those placed in the 
enriched environment after ischemia but with no lasting significant 
difference except for climbing. Preliminary studies suggest that social 
stimulation is more important than physical activity. Rats with fetal 
neocortical grafts implanted into the infarct cavity performed better 
if exposed to enriched environment than grafted control rats housed 
in standard laboratory cages with 5 rats in each cage. However, they 
did not perform better than non-grafted rats housed in the same 
enriched environment. The infarct size did not differ between rats 
housed in an enriched environment and control rats. There was no 
correlation between infarct size and performance in rats exposed to 
an enriched environment. The improved motor function suggests 
that a rich environment may stimulate mechanisms that enhance 

brain plasticity. 

Keywords: Experimental brain infarcts; environment; motor 
function; brain plasticity. 

Introduction 

Significant functional improvement occurs in most 
stroke survivors during the months following stroke 
onset [13,31,44]. To what extent specific rehabilitation 
can enhance the functional outcome is debated and no 
rehabilitation method has been shown to be superior to 
another [10,23,36,51]. Little attention has so far been 
given to the influence of environmental factors on 
functional outcome after focal brain ischemia. In the 
present report I will discuss some recent data on the 
behavioral effect of pre- and postoperative enrichment 
of the environment. 

Material and Methods 

In the first experiments the middle cerebral artery was ligated 
proximal to the striatal branches. The rats were either kept in indi
vidual cages before and after ligation of the right middle cerebral 
artery (MCA), transferred to an enriched environment after the 
ligation or kept in an enriched environment before as well as after the 
operation. The experimental protocol is described in detail elsewhere 
[35]. 

In a later experiment we studied if the enriched environment could 
enhance functional outcome in rats receiving neocortical transplants 
to the infarct cavity [19]. We then ligated the MCA distal to the 
striatal branches as described by Coyle [8] to induce an infarct limited 
to neocortex. Three weeks after the MCA occlusion fetal neocortical 
blocks of tissue were implanted into the infarct cavity in rats housed 
either in an enriched environment or in standard cages with five rats 
in each cage. A vehicle containing glucose 0.6 'Yr, and NaCI 0.9 % was 
deposited into the infarct cavity in control sham-transplanted rats 
housed in an enriched environment [19]. 

The enriched environment. The size of the cage was 815 mm x 
610 mm x 450 mm. 150 mm above the floor, two horizontal boards. 
70 mm wide, were placed along one of the sides. One board connected 
the floor with the elevated boards and, at a higher level still, one 
board was put across a corner. A chain, a swing, a swingboard and 
wooden blocks were placed in the box. Minor changes were made 
once a week adding new objects and withdrawing others. 

Behavioral tests used include a postural reflex test, a limb placing 
test, beam-walking, traversing a rotating pole, climbing. inclined 
plane and paw-reaching. The tests have been described in detail else
where [17,19,35]. Since we present data from the limb placement test 
in the tables and figure 3, a summary of our modification [35] of the 
test described by De Ryck [9] is presented below. 

In the 6 subtests, the placement of the forelimbs are studied and the 
hindlimbs are included in tests 4 and 6. During tests I through 4, the 
rat was held in a soft grip by the examiner. In test I, limb placing was 
tested by slowly lowering the rat toward a table. At about 10 cm 
above the table, normal rats stretch and place both forepaws on the 
table. For test 2, with the rat's forelimbs touching the table edge, the 
head of the rats was moved 45° upward while the chin was supported 
to prevent the nose and the vibrissae from touching the table. (A rat 
with focal brain lesion may lose contact with the table with the paw 
contralateral to the injured hemisphere.) In test 3, forelimb place
ment of the rat when facing a table edge was observed. (A normal rat 
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places both forepaws on the table top.) Test 4 recorded forelimb and 
hindlimb placement when the lateral side of the rat's body was moved 
toward the table edge. For test 5, the rat was placed on the table and 
gently pushed from behind toward the table edge. (A normal rat will 
grip on the edge, but an injured rat may drop the forelimb contralat
eral to the injured hemisphere.) Test 6 was the same as test 5 but the 
rat was pushed laterally toward the table edge. Each test was scored 
as follows: 0, no placing; I, incomplete and/or delayed (>2 seconds) 
placing; and 2, immediate and correct placing. For each body side, 
the maximum score from the tests used was 16= normal behavior. 

Determination of infarct volume. At the termination of the experi
ments, i.e. 13-14 weeks after operation, when a cystic cavity is 
formed, the remaining area of the right hemisphere was determined 
in pixel size and was subtracted from the contralateral hemispheric 
area. The volume was calculated from the section thickness and 
section frequency. At this late stage after an MCA occlusion, the 
infarct volume may be overestimated by the inclusion of secondary 
tissue losses such as thalamic atrophy. To eliminate any error due to 
hemispheric volume losses, the total tissue volume loss is expressed in 
per cent of contralateral intact hemisphere, the cortical tissue loss in 
per cent of contralateral cortex and the thalamus in per cent of 
contralateral thalamus [19,35]. 

Statistics. For tests based on scoring systems (ordinal measures) 
the Kruskal Wallis non-parametric analysis of variance test 
(ANOV A) was used with a multiple comparison post hoc test to 
determine the number and relation of the group differences at 95 % 
significance level. For difference in infarct volume and the paw
reaching test, one-way parametric ANOV A with Scheffe's post hoc 
procedure was used at 95 % significance levels. 

Results 

In the leg placement test, rats housed in single cages 
had significantly lower scores than the other groups at 
all times (Table 1). Rats housed in an enriched environ
ment both before and after the operation had higher 
scores, i.e. performed significantly better than rats 
placed in the enriched environment after the operation 
only at five weeks. The discriminative values of the 
limb placement subtests varied with time. In subtest B, 
when visual stimuli and whisker contact with the sur-

Table I. Mean Neurological Scores for the Left Paw in a Leg Place
ment Test after Ligation of the Right Middle Cerebral Artery in 
Spontaneously Hypertensive Rats 

Time after Groups 
operation A B C 

n=9 n=1O n=12 

2 weeks 3.9 ± 1.8' 7.3 ± 2.0 8.8 ± 2.4 
5 weeks 6.9 ± 2.3b 8.1 ± 2.6b 11.2 ± 2.4 
7 weeks 8.1 ± 1.8' 11.6 ± 1.2 12.9 ± 2.4 

Mean ± SD. Score 16 = normal behavior. 
A rats housed in individual cages; B rats placed in an enriched 
environment after the operation; C rats kept in an enriched environ
ment before and after the operation. 
The significant group differences for the left paws were p = 0.002, 
0.007 and 0.003 at 2,5 and 7 weeks;' significantly different from Band 
C; b significantly different from C (Kruskal-Wallis non-parametric 
ANOV A and a multiple comparison post hoc test both at 95 % 
significance level). 
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Table 2. p-Valuesfor Group Differences in the Subtests A-F in Leg 
Placement at Various Times after Ligation of the Middle Cerebral 
Artery 

2 weeks 5 weeks 7 weeks 

A Forelimb 0.0025 0.0049 
B Forelimb 0.0036 0.0028 0.0001 
C Forelimb 0.04 0.013 
D Forelimb 0.0023 

Hindlimb 0.0245 
E Forelimb 
F Forelimb 

Hindlimb 0.0102 

Kruskal-Wallis non-parametric ANOVA at 95 % significance level. 
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Fig. I. Scores for rats traversing a non-rotating pole 10 weeks after 
a proximal MCA occlusion (cortical and striatal infarct). Mean 
values ± SD. A rats housed in individual cages; B rats placed in an 
enriched environment after the operation; C rats kept in an enriched 
environment before and after the operation. Based on data from 
Ohlsson and Johansson [35]. Score 6 = the rat traverses the pole 
without any problem 

face are prevented, the difference was significant at all 
times tested and increased with time (Table 2). Figure 1 
shows the results from traversing a non-rotating pole 
10 weeks after the MeA occlusion. Neither the infarct 
volume, nor the thalamic atrophy differed between the 
groups (Fig. 2). 

Grafted rats housed in an enriched environment 
performed significantly better than grafted rats in stan
dard laboratory cages but not better than non-grafted 
rats in an enriched environment (Figs. 3 and 4). In 
none of the studies did the enriched environment en
hance the performance in the paw-reaching test, a test 
for skilled forelimb use. 

Discussion 

Our data show that an enriched postoperative envi
ronment can significantly improve function after focal 
brain ischemia. To what extent improved functional 
outcome is due to recovery of lost functions or to 
compensation for lost functions is difficult to ascertain 
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Fig. 2. Brain tissue volume reduction in per cent of contralateral 
hemisphere, cortex and thalamus 13 weeks after proximal MCA 
occlusion. Based on data from Ohlsson and Johansson [35] 
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Fig. 3. Leg placement test 9 weeks after distal MCA occlusion re
sulting in a pure cortical infarct. Group A housed in enriched environ
ment; Group B housed in an enriched environment and fetal 
neocortical tissue implantation 3 weeks after MCA occlusion; Group 
Cfetal, cortical tissue implanted 3 weeks after MCA occlusion. Rats 
were housed in standard 5-rat cages. Group C is significantly 
different from group A and B. Based on data published in Grabowski 
et al. [19]. Score 16 = no deficits 
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Fig. 4. Scores on traversing a rotating or a non-rotating pole 9 weeks 
after distal MCA occlusion. Groups as in Fig. 3. Based on data from 
Grabowski et al. [19] Score 6= the rat traverses the pole without any 
problem 

[29,30,42,55]. In agreement with earlier studies, the 

performance in the paw-reaching test changed little 
with time [17,35]. The fact that we, in spite of afferent 
and efferent connections with the host brain [18,19], in 

contrast to Ke1che et al. [28] could see no further 

improvement in grafted rats might be due to the com

plexity of the focal brain infarct model or to the late 

time of transplantation [19]. 
Mechanisms that have been proposed to account for 

functional improvement after stroke include resolution 
of brain edema, absorption of necrotic tissue and dis

appearance of remote functional depression or 

"diaschisis" [12]. Several factors might be involved but 
current data suggest that a substantial part of func
tional recovery after stroke might be attributed to 
brain plasticity [1,5,20,24,26,27,53,54]. 

The plasticity of the adult brain may be larger than 
previously expected. A number of elegant studies have 
shown that the afferent input to the motor, somatosen
sory, auditory, or visual cortex can alter the cortical 
topography [3,4,6,20- 22,33 ,37-40,47]. That our corti
cal maps are changed by experience throughout life has 
been shown to occur, e.g. in skill acquisition, after 
repeated electrical stimulation to the cortex and after 
amputation. The question is to what extent it occurs 
after lesions like brain infarcts, and if so, at what level 
of the central nervous system and what is the time 
course. 

It seems likely that some reorganization of brain 
functions can take place after focal brain infarction. 
Based on activation studies in patients who have recov
ered function after a subcortical stroke [5,53,54] it has 
been proposed that recruitment of cortical areas in the 
non-damaged hemisphere as well as adjacent to the 
lesion may be important for functional recovery. 
Whether this is due to "unmasking" of existing net
works or establishing of new networks is not known, 
nor is it known if the increased blood flow necessarily 
signifies improved function. Furthermore, there is evi
dence for substantial difference in individual activation 
pattern after stroke recovery [54]. To firmly establish a 
correlation between the metabolic activation and func
tional recovery, studies comparing the degree in pat
tern of activation in patients with good or less good 
recovery are essential. Whether or not subcortical 

structures and cerebellum can compensate for lost cor
tical functions remains to be established. 

There is experimental evidence for a specific period 
after the brain damage during which the behavioral 
experience can maximally modify the neural events. 
Schallert and Jones have shown that there is a substan
tial transient expansion of the identical cortical area of 
the opposite hemisphere after a unilateral injury to the 
forelimb representation area. Expansion was greatest 
in regions containing large pyramidal neurons in layer 
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5, the major output neurons of the cerebral cortex. The 
time-dependent dramatic increase in the complexity 
and extent of dendritic arborization was greatest dur
ing the second and third postoperative weeks and had 
not returned to control levels at 120 days [26]. Activity 
was necessary for the changes to take place. Thus, if the 
movement of the intact forelimb was restricted, there 
was no increased arborization on the side opposite the 
lesion. [27]. 

It has been hypothesized that mechanisms involved 
in restoration offunction after brain lesions may paral
lel mechanisms in ontogenesis and in learning 
[6,21,22,24,27,33]. In addition to neuronal mecha
nisms, the possible role of astrocytes [7,14,32,50] and 
of non synaptic transmission I is discussed. Networks of 
astrocytes may provide an extraneuronal system for 
rapid long-distance signaling [7,32,50]. Evidence for 
nonsynaptic transmission has been extensively re
viewed by Bach-y-Rita [1]. 

An enriched environment can increase protein con
tent, dendritic branching and number of dendritic 
spines per unit length of dendrite and may stimulate 
transmitters and nerve growth factors (for ref. see 
[24,28-30,34,41,43,55]). Environmental stimuli ca
pable of inducing synaptogenesis result in hypertrophy 
and increased number of astrocytes [48]. 

If functional improvement after focal brain ischemia 
is related to brain plasticity, drugs taken during the 
post ischemic event may be crucial for the outcome 
[11,12,16,25,45,46,49,52]. Transmitters including nor
adrenaline, glutamate, acetylcholine, serotonin and 
dopamine as well as certain peptides, hormones and 
trophic factors may be involved for events promoting 
brain plasticity. Of particular interest is that drugs 
that are currently tested for possible neuroprotection 
in the acute phase such as glutamate antagonists 
could have a negative effect if given after the acute 
stage. Other drugs that on the basis of experimental 
data have been proposed to inhibit brain plasticity 
include a-adrenergic antagonists, phenytoin and 
GABA agonists [2,11,12,16,25,45]. In a retrospective 
analysis of the functional outcome in stroke patients to 
durgs taken at stroke onset, some evidence was ob
tained that this could be the case also in man [15]. 
However, more data are needed in this clinically highly 
relevant area. To what extent enriched environment 
and drugs interact is another area that remains to be 
explored [52]. 
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Fetal Neocortical Grafts Placed in Brain Infarcts Do Not 
Improve Paw-Reaching Deficits in Adult Spontaneously Hypertensive Rats 

M. Grabowski!, B. B. Johansson!, and P. Brundin2 

IDepartment of Neurology, University Hospital and 2Department of Medical Cell Research, University of Lund, Sweden 

Summary 

The aim was to study if neural grafts placed in brain infarcts could 
improve functional recovery. 

The middle cerebral artery was occluded (MCAD) in 19 spontane
ously hypertensive rats. Nine rats were sham operated. Twelve to 16 
days after the ischemic insult, 9 of the MCAD rats received trans
plants of dissociated fetal neocortical tissue (MCAD-T) and I, 3 and 
6 months after transplantation surgery, the rats were behaviorally 
evaluated by a test for forelimb function. Infarct and transplant sizes 
were measured morphometrically. 

The remaining volume of the infarcted hemisphere was 66 ± 7 % 
(mean ± SD) in the MCAD group and 71 ± 9 % in the MCAD-T 
group of the non-operated hemisphere. All grafted rats had surviving 
transplants. Contralateral to the lesion, paw-reaching was highly 
impaired in both infarcted groups compared with sham-operated 
controls with no significant difference between MCAD and MCAD
T. The lesion size correlated significantly with contralateral paw
reach performance at all test periods. 

We conclude that neocortical grafts did not alleviate the impaired 
forepaw function. 

Keywords: Cerebral ischemia; transplantation; neocortex; be
havior. 

Introduction 

The high incidence of stroke and resulting neurologi
cal deficits in humans initiated our interest in develop
ing a transplantation model in focal brain ischemia, 
induced by a permanent occlusion of the middle cere
bral artery (MCAO) [19]. Preparation of fetal neocor
tex for grafting follows the original description by 
Bjorklund et al [1]. Since hypertension is the most 
important risk factor for cerebrovascular disease in the 
adult population, we use adult hypertensive rats as 
recipients ofthe fetal tissue. Using this model we have 
shown that fetal neocortical grafts survive when placed 
in the infarcted area [9]. Good survival is obtained with 
tissue within a wide range offetal development. A time-

delay between the insult the grafting surgery is benefi
cial for graft survival and the host brain environment 
seems to be most hospitable around 3 weeks after 
arterial occlusion. The grafts consist of tissue of a 
neuronal appearance with pyramidal-like cells but lack 
the lamination of normal neocortex. The grafts are 
vascularized by leptomeningeal vessels and a capillary 
network which forms a plexus on the brain surface. 
Grafts have a lower density of capillaries than typically 
found in neocortex, but the morphology of capillaries 
is normal [6]. The host innervates the grafts by cholin
ergic, noradrenergic and serotonergic fiber systems. 
Ingrowth of afferent fibers from the host thalamus 
and neocortex also occurs [5]. Transplanted neurons 
develop an extensive axonal network within the grafts 
but efferent connections with the host are rare [10]. 
Graft glucose metabolism is increased following 
stimulation of the host somatosensory pathway 
which demonstrates that transplanted neurons can be 
functionally integrated with neural circuitries of the 
host [8]. 

Behavioral effects of cortical grafts after brain 
infarction have not yet been reported. Therefore, the 
present study was designed to evaluate whether neo
cortical grafts ameliorate the deficits offorelimb func
tion that result from a middle cerebral artery occlusion 
in the rat [7]. 

Material and Methods 

Twenty-eight adult male inbred spontaneously hypertensive rats 
(SHR-Mol) (M0llegaard Breeding & Research Centre, Denmark), 
weighing 200-220 g at the start of the experiment, were used in the 
study. Fetal donor tissue was obtained by caesarian section from 
pregnant females of the same strain from the same supplier. 
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Ketamine 50-100 mg/kg (Ketalar, Parke-Davis) and xylazine 5-10 
mg/kg (Rompun, Bayer) was used for MCAO and graft surgery. 
Methohexital 100-120 mg/kg (Brietal, Lilly) preceded intracardiac 
perfusion. All anesthetics were given i.p. 

Nineteen rats were subjected to a right MCAO by ligating 
the vessel with a 10-0 monofilament nylon suture (Deknatel, 
Germany) at the point where it crosses the olfactory tract [19). 
Nine control rats were sham operated by means of an incision of 
the skin and the underlying fascia of the temporal muscle, followed 
by suturing. 

Nine rats were grafted with fetal neocortex 12-16 days after 
MCAO. Six fetuses of 17-18 days of gestation (crown-rump length 
24-25 mm) were obtained from pregnant rats. According to previous 
descriptions [2,9), a strip of neocortical anlagen was dissected bilater
ally from each fetus and dissociated to a final volume of 200 fll. Using 
a 10 fll Hamilton microsyringe, 1.5 fll of the dissociated tissue was 
injected stereotactically in the infarcted right hemisphere at six differ
ent sites in each animal, according to the following coordinates 
(given in mm, with the toothbar set at -3.3): (1) A: 2.7, L: 3.0, V: 2.5; 
(2) A: 1.7, L: 2.5, V: 2.5; (3) A: 1.7, L: 5.0, V: 6.0; (4) A: 1.7, L: 5.0, V: 
3.0; (5) A: -3.3, L: 3.0, V: 2.5; (6) A: -3.3, L: 6.3, V: 6.0. The anterior 
and lateral coordinates are with reference to bregma, whereas the 
ventral coordinates are with reference to the surface of the skull at 
bregma. 

One, 3 and 6 months after transplantation surgery, the rats 
were behaviorally evaluated by a test for forelimb function. This 
test measures separately the reaching and grasping capacity of 
the right and left forelimb as previously described [7,14). Briefly, 
the rat was placed in a plexiglas box which contains a central 
evaluated platform with a staircase on each side. The staircases have 
six steps, each baited with eight 45-mg chow pellets (Campden 
Instruments, England), making a total of 48 pellets on each side. 
The rat is placed on the platform and may from this position 
collect pellets by mouth or tongue from the top two steps. The 
ipsilateral forepaw must be used to reach pellets from the lower steps. 
Limb function was estimated from the number of pellets eaten on 
each side. The rats were tested daily for 9 days a month after surgery, 
repeated for 3 days after 3 and 6 months. Each test period was 
preceded by a 48-hour period of food deprivation, resulting in about 
a 10 % reduction of body weight. One test lasting 20 minutes was 
performed daily, after which the rats were transferred to their home 
cages and given approximately 20 g of standard food pellets to 
maintain body weight. 

After completion of behavioral testing, all lesioned rats were 
perfused via the ascending aorta with 0.9 % saline followed 
by a fixative containing 4°Ir, formaldehyde in a 0.1 mollL phos
phate buffer. The brains were postfixed overnight and then stored 
in 20 % sucrose in 0.1 mollL phosphate buffer until sectioning. 
The brains were cut in 40-flm-thick coronal sections on a freezing 
microtome. At 200-flm intervals, two series were retrieved for 
cresyl violet staining and acetylcholine-esterase (AChE) histo
chemistry [13). 

The size of the each hemisphere was calculated by measuring 
the cross-sectional area at 12 coronal levels (approximately I mm 
between each measurement) starting 3.7 mm anterior to bregma 
[15). The volume was achieved from the cross-sectional areas 
and the distance between the sections. The graft volume was 
determined from area measurements of every section stained 
for cresyl violet. To obtain cross-sectional areas the software 
Image Grabber 2.03 (Neotech, USA) and Image/MG 1.4413 
(National Institutes of Health, USA) were used with an image 
analyzing system which consisted of a video camera (Dage MTI, 
USA), a light box (Imaging Research, Canada) and a Macintosh IIsi 
computer. 
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Results 

Infarct and Graft Morphology 

One rat in the MCAO group and 3 rats in the 
MCAO-T group died during the experimental period. 
The other rats showed cystic brain infarcts affecting the 
neocortex and lateral part of caudate putamen. The 
ipsilateral thalamus was atrophic. The ischemic dam
age resulted in a volume reduction of the operated 
hemisphere which did not differ significantly between 
the groups (P = 0.27, unpaired T-test). The remaining 
volume was 66 ± 7 % (mean ± I SD) in the MCAO 
group and 71 ± 9 % in the MCAO-T group of the non
operated hemisphere. 

All rats in the MCAO-T group had surviving grafts 
with volumes varying between 2.7-23.3 mm3• The 
grafts formed lobular masses in the infarcted area 
(Fig. 1) but single injections of neural tissue were mis
placed in two rats so that a small portion of the trans
plant was found in normal brain or on the brain 
surface. Graft morphology was similar to what has 
been described in previous studies [5,9]. Microscopi
cally, the tissue was composed of neurons and glial 
cells, often arranged in lobulated structures separated 
by thin septa. The laminar organization of normal 
neocortex was lacking. A similar density of AChE
positive nerve fibers was seen in all grafts. The trans
plants were attached to the host neocortex or striatum 
and the host-graft border was often demarcated by a 
thin gliotic zone. 

Fig.!. Photomicrograph of a coronal section showing a brain six 
months after receiving implantation of dissociated fetal neocortical 
tissue into the infarcted area after middle cerebral artery occlusion. 
The infarct cavity is completely occupied by the graft which is 
arranged in lobules. The graft lacks the lamination of normal neocor
tex. Scale bar is I mm. Cresyl violet stain 
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Fig. 2. Line graphs of results of paw-reach test, showing number of 
consumed pellets ipsilaterally and contralaterally to sham operation, 
middle cerebral artery occlusion (MCAO) or MCAO followed by 
transplantation (MCAO-T). Performance did not differ significantly 
between MCAO and MCAO-T. Values are means and error bar is 
I SEM 

Paw-Reaching 

Figure 2 shows the number of pellets consumed on 
the contralateral and ipsilateral side for all groups in 
the paw-reach test. On the contralateral side, an analy
sis of variance (ANOVA) from month 1 to 6 yielded a 
significant group difference (P=O.OOOl) which reflects 
the precise grasp ability of the control group. The 
MCAO and MCAO-T groups displayed large paw
reaching deficits and post-hoc comparisons (Scheffe's 
test) did not disclose significant differences between the 
groups on any test day. Similar results were seen on the 
ipsilateral side, although the deficits of the infarcted 
groups were less pronounced with no significant differ
ences between the MCAO and MCAO-T group. 

The extent of ischemic brain damage was signifi
cantly correlated to the outcome of the paw-reach test 
at all test periods. The highest correlation coefficients 
were achieved when the volume of the right hemisphere 
was compared with the number of pellets eaten on each 
side of the staircase (Table 1). The result 6 months after 
transplantation is plotted in Fig. 3. When the MCAO
T group was examined separately, a multiple regres
sion analysis showed a positive correlation between 
contralateral forepaw function and right hemisphere 
volume (standard coefficient 0.72, P=0.014), whereas a 
negative correlation was found to graft volume (stan
dard coefficient -0.5, P=0.037). No significant relation
ship was found between right hemisphere volume and 
graft volume (r=0.24, P=0.65). 
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Fig. 3. Correlation analysis between lesion size and contralateral 
paw-reach performance (means of test days I to 3) 6 months after 
middle cerebral artery occlusion (MCAO) or MCAO followed by 
transplantation (MCAO-T) 

Table I. Correlation Coefficients Between Lesion Size and Outcome 
of the Paw-Reach Test on the Ipsilateral (Operated) and Contrala
teral Side for the Combined MCAO and MCAO-T Group 

Ipsilateral 
Contralateral 

I Month P 3 Months P 6 Months P 

0.78 0.0007 0.73 0.002 0.72 0.0027 
0.83 0.0001 0.75 0.0012 0.74 0.0015 

The following measures were used for the analysis: lesion size (ipsila
teral hemisphere volume), paw-reach test (mean performance during 
days 7-9 and days 1-3). 

Discussion 

In agreement with a previous study [7], we have 
confirmed that brain infarction after MCAO produces 
impairments of both contralateral and ipsilateral fore
paw function. The deficits are stable over time and 
show a correlation to lesion size. 

The dissociated fetal neocortical tissue which was 
transplanted into brain infarcts did not influence be
havioral outcome as measured by the paw-reaching 
test. The failure of functional recovery could have 
several explanations. Although the grafts are richly 
innervated by the host [5], axonal growth from trans
plant to host is sparse [10]. Functional recovery by 
reconstruction of normal pathways is therefore limited 
which may explain the present results. 

Cortical grafts [12,16,18] or infusion of neurotrophic 
factors [4,17,21] may provide support for intrinsic host 
neurons which have lost their normal targets provided 
that intervention is performed immediately after the 
cortical lesion. Although it remains to be shown, it is 
possible that one of these procedures could ameliorate 
functional deficits by rescuing neurons projecting to 
the neocortex. Such a trophic effect is unlikely in the 
present experiment because grafting was performed 
about 2 weeks after MCAO. One reason for choosing 
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this late time is that graft survival is poor in our model 
when transplanting immediately after the insult [9]. 

As already mentioned, the grafts are innervated by 
several fiber systems which normally project to the 
neocortex [5]. This is a requirement for an integration 
of neural circuitries but is not necessarily beneficial for 
functional recovery after an ischemic insult. In this 
study increasing graft volume significantly correlated 
to poorer paw-reach performance. It may be argued 
that the host innervation of the graft could interfere 
with the neural reorganization occurring after the in
sult and possibly compromise the spontaneous func
tional improvement which is often seen in clinical and 
experimental stroke. However, the main result of the 
present study does not indicate harmful effects of the 
grafts because behavioral outcome did not differ be
tween the grafted and non-grafted group. 

Graft-induced functional recovery has previously 
been demonstrated after precise lesions of a neural 
pathway or anatomical area associated to a specific 
behavior, e.g. the nigro-striatal dopamine system and 
the hippocampus. Our transplantation paradigm and 
application of the paw-reach test differs in several 
respects from models. Although previous results [7] 
suggested that the paw-reach test was suitable for func
tional evaluation after MCAO over a long period of 
time, problems are associated with its application to 
the MCAO transplantation model. The first problem is 
related to the lesion, which is large and by no means 
restricted to the cortical region where the forepaw is 
somatotopically organized. Although the stereotactic 
procedure for implantation is quite precise, the ulti
mate placement of the graft is unpredictable, because 
the injections are made into a large necrotic mass or 
into a liquid-filled infarct cyst. Possibly the paw-reach 
test would get a "fairer trial" in a different grafting 
model (e.g. placement of grafts into circumscribed cor
tical lesions of the forepaw somatotopical area). The 
second problem associated with the paw-reach test and 
the MCAO transplantation model is that paw-reach
ing is dependent on cortical and striatal function [20]. 
In view of the striatum's general importance for motor 
function in the rat, the appropriate experiment in the 
present model might therefore be grafting of striatal, 
rather than cortical tissue to the infarcted area. 

In summary, MCAO is attractive because it re
sembles clinical ischemic stroke but may not be optimal 
in a transplantation paradigm as used in the present 
study. To that end, we recently modified our model by 
performing MCAO distal to the origin of the 
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lenticulostriate branches [3] which results in a neocorti
cal infarction without affecting the caudate putamen. 
This enables us to study neocortical deficits and behav
ioral effects of neocortical grafts without the influence 
of striatal damage. Further, the use of block trans
plants instead of dissociated tissue seems to be favor
able in reconstruction of host-graft neural circuitries 
[11]. 
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Summary 

Glutamate receptors are numerous on the ischemia vulnerable 
CA-I pyramidal cells. Postischemic use of the AMPA antagonist 
NBQX has shown up to 80 % protection against cell death. Three 
aspects of this were studied: In the first study, male Wistar rats were 
given NBQX (30 mg/kg x 3) either 20 hours or immediately (0 h) 
before 12 min of 4-vessel occlusion with hypotension. After six days 
of reperfusion comparison with an untreated group showed almost 
full protection in the 0 h group (4 % cell loss, p < 0.001) but only slight 
protection in the 20 h group (62 % cell loss, p < 0.05). 

After 12 min of ischemia in the present model, eosinophilic CA-I 
cells are seen from day 2 on. Since there could be a late, deleterious 
calcium influx via NMDA receptors, one group of ischemic rats was 
given MK-801 (5 mg/kg i.p.) 24 hours after ischemia. However, 
quantitation 6 days later of remaining CA-I cells showed no protec
tion. 

In the third study referred here, two groups of ischemic rats were 
given NBQX (30 mg/kgx 3) immediately after ischemia. The groups 
survived for six and 21 days, respectively. Countings ofCA-l pyrami
dal cells showed an equal, significant protection in both groups 
(approx 20 % cell loss). 

Keywords: 4-vessel occlusion; NBQX; MK-801. 

Introduction 

Several classes of drugs have shown to offer protec
tion against global cerebral ischemia induced loss of 
hippocampal pyramidal CAl neurons. Until now, 
glutamate antagonists of the AMPA type have turned 
out to be most effectively protective. One common 
mechanism of protection could be that the various 
drugs are changing the balance between excitation and 
inhibition and thereby lowering the energy metabolism 
stress during the sensitized state of the neuron in the 
postischemic period. Since the prevalent excitatory re
ceptors on the ischemia vulnerable CAl neurons (as 
well as the number of other vulnerable neuron popula
tions) are of the glutamate type, this can explain why 

AMPA antagonists are so effective in protecting these 
particular neurons (Sheard own et al. 1990, Diemer et 
al. 1990) 

However, in most studies glutamate antagonist have 
been given immediately before or after ischemia and 
the survival period has seldomly exceeded I week. 

Thus, in the present investigation we studied the 
effect of preischemic administration of an AMP A 
antagonist (2,3-Dihydroxy-6-nitro-7 -sulfamoylbenzo
(F)quinoxaline, NBQX) as well as the long term effect 
of a protective dose ofNBQX, given immediately post
ischemically. Finally the effect of late administration 
of an NMDA antagonist (dizocilpine, MK-801) was 
evaluated. 

Material and Methods 

Male Wistar rats (250-300 g) were subjected to transient forebrain 
ischemia using a modification of Pulsinelli and Brierleys four-vessel 
occlusion model. 

Six groups of animals were established; (8 animals in each) 

I) rats given NBQX (30 mg/kg x 3 i.p.) 20 hours before ischemia; 
6 days survival; 

2) rats given NBQX (30 mg/kgx 3 i.p.) immediately before ischemia; 
6 days survival; 

3) rats given NBQX (30 mg/kg x 3 i.p.) immediately after ischemia; 
6 days survival; 

4) rats given NBQX (30 mg/kg x 3 i.p.) immediately after ischemia; 
21 days survival; 

5) rats given MK-801 (5 mg/kg i.p.) 24 hours after ischemia; 6 days 
survival; 

6) Vehicle treated rats, 6 days survival. 

Both vertebral arteries were electrocoagulated in methohexital 
(50 mg/kg Lp.) anaesthesia. The rats were allowed to recover with 
free access to water but were fasted overnight. The following day the 
rats were anaesthetized with I % halothane in a 2: I N,OIO, mixture, 
intubated and mechanically normoventilated with a ~ode~t respira
tor (New England Medical Instruments Inc). The rats had a femoral 
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artery cannulated to record mean arterial blood pressure (MABP) 
and to obtain blood samples for measurements ofP02, PC02, pH and 
plasma glucose concentration (ABL 2 acid-base laboratory, Radi
ometer Copenhagen and Beckman Glucose Analyzer 2). The com
mon carotid arteries were gently exposed and 3-0 silk ligatures 
threaded through polyethylene tubing were placed around them. The 
halothane was turned off and before the rats recovered from 
anaesthesia the carotids were occluded by tightening the ligatures 
and blood was withdrawn from the femoral artery until the pupils 
dilated and became unresponsive to light, while keeping the mean 
arterial blood pressure at 60 mm Hg. The body and head (temporal 
muscle) temperature was kept at 37-37.5 °C and 36°C, respectively. 
After 12 min the ligatures were released and the blood reinfused. The 
animals were allowed to survive according to the schedule shown 
above. 

Quantitations 

The perfusion fixed brains were cut sub serially in 7 11m frontal 
sections. Determination of cell density in the intermediate zone of 
the dorsal hippocampus was performed using an ocular grid and x 
40 magnification on 4 sections. Statistical analysis was performed 
using Kruskal-Wallis one-way analysis of variance by ranks, and a 
significance level of 0.05 was chosen. 

Results 

The median values of the quantitations ofCA-1 cells 
in the dorsal hippocampus are summarized in Fig. 1. 
NBQX given immediately before or after ischemia 
offered the best protection as quantitated after 6 days 
reperfusion. Treatment with NBQX 20 hrs before 
ischemia resulted in a moderate protection (62 % CA-1 
neruones lost). 

Treatment with MK-801 24 hours after ischemia 
and 6 days reperfusion showed no protection. 
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Fig. I. Neurone density in hippocampal CA-J zone. Percent remain
ing CA-J neurons in dorsal hippocampus in the various groups 
outlined in the material and methods section 
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Discussion 

NBQX Treatment 

The intracellular mechanisms of AMP A antagonist 
protection against ischemia induced damage have not 
been disclosed, but an unspecific reduction of the exci
tation/inhibition ratio leading to a reduced energy me
tabolism stress is a likely possibility. Other classes of 
compounds have also shown (somewhat less) protec
tive effects, which can be explained by such a common 
mechanism. Since some of the most sensitive neuron 
types also have a high density of glutamate receptors, 
this might explain the protective effect of e.g. AMP A 
antagonists after global ischemia. 

NBQX, which is a competitive AMPA antagonist 
has been found to induce longterm effects on metabolic 
processes like protein synthesis (Frank et al. 1992). If 
this effect is essential, the possibility exists that even 
administration of NBQX several hours before 
ischemia could offer protection. The present study 
confirm such an effect, although it is weak. Whether a 
long term reduction of glucose metabolism is also in
volved is not known. 

MK-801 Treatment 

In contrast to the striking effect of NMDA antago
nists in the reduction of infarct size after middle cere
bral artery occlusion (Gill et al. 1991) the vast majority 
of studies of global ischemia have shown no protective 
effect of NMDA antagonists (i.e. MK-801, given 
shortly after ischemia, Diemer et al. 1990). One impor
tant finding in rats with MCAO is the uncoupling of 
glucose metabolism and blood flow in the infarct bor
der zone (Nedergaard et al. 1988) as shown by double 
tracer autoradiography. As demonstrated by Mies et 
al. (1993) the spreading depressions (or anoxic de
polarisations) which are responsible for the increased 
glucose metabolism in the infarct border zone are not
as normally - accompanied by flow increases. After 
global ischemia; except for a short, initial period with 
increased glucose (Diemer and Siemkowicz 1982) there 
is a long lasting reduction of both blood flow and 
metabolism in the hippocampus (Pulsinelli et al. 1982) 
without signs of repeated spreading depressions 
(Suzuki et al. 1983). However several hours after 
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ischemia two important observations have been made, 
which could involve activation of NMDA receptors. 
Firstly, Andineet al. (1991) found increases in extracel
lular glutamate and aspartate, 480 min after ischemia 
and secondly, Silver and Erecinska (1992) found at a 
similar reperfusion time, an increase in intracellular 
free calcium concentration. Since the NMDA receptor 
is gating a calcium permeable channel, the neuronal 
death in CAl which mainly becomes visible at day 2 
could involve a late pathological activation of 
this channel. The present study showed, however, that 
even after late administration of MK-801 there is no 
protective effect of this drug. Thus it is still unlikely 
that NMDA receptor mediated mechanisms are opera
tive in the production of delayed neuronal death in 
CAl. 

Long Term Effect of NBQX Treatment 

The present study showed that in rats which sur
vived for 21 days after 12 min of 4-VOH, the same 
degree of protection was found as in rats surviving for 
6 days. In a study with 7 or 28 days survival after 10 min 
of 4-VO and NBQX treatment there were 45 % injured 
CA-I neurons at day 7 and 89 % injured neurons at day 
28 (Li and Buchan 1995). This significant difference 
indicates that with this paradigm, the NBQX-induced 
protection is not permanent. The results of the two 
studies cannot be directly compared since the models 
differ sligthly as well as the length of ischemia and 
survival periods. Clearly, it is important to study even 
longer survival periods, and in cases with only tempo
rary portection, the effect of long-term treatment with 
AMPA antagonists (and other classes of compounds) 
must be investigated. 
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Summary 

Thrombolysis is an attractive but potentially dangerous therapy 
for cerebral ischemia: it is capable of dissolving an arterial thrombus, 
but can also transform a pale infarct into a hematoma and/or may 
cause severe oedema and herniation. The safety and efficacy of the 
treatment critically depend on the timing of intervention and on 
patient selection. 

In recent studies on ischemic stroke, spontaneous hemorrhagic 
transformation of an infarct seems to be related to the size of the 
lesion, and can be reliably predicted as early as five hours from stroke 
onset by the presence of focal hypodensity in the CT scan. That is 
why in the European Co-operative Acute Stroke Study (ECASS), a 
randomised, double blind trial on intravenous rt-PA in hemispheric 
stroke, patients showing, on the admission CT scan, extended early 
hypodensity, involving more than one third of the territory of the 
middle cerebral artery, were excluded from the study. 

Other ongoing trials on thrombolytic agents are expected to pro
vide further indications on how to identify those patients most likely 
to benefit and least likely to experience adverse effects from this 
treatment. 

Keywords: Thrombolysis; stroke; reperfusion; hemorrhagic 
infarction. 

Introduction 

Experimental models of focal cerebral ischemia and 
studies conducted with positron emission tomography 
on ischemic stroke patients show that neuronal death 
can be prevented by restoring the cerebral blood flow 
to physiological values within a certain time interval, 
called the "therapeutic window". Restoring blood flow 
to the ischemic area is therefore the most important 
therapeutic goal in the acute phase of stroke (the other 
possible approach being to protect neurons by manipu
lating the adverse biochemical environment created by 
the ischemic insult). At present the therapeutic window 
in man is thought to be very similar to that of primates 
(about 6-8 hours) [21,22,34]. 

Thrombolytic agents are drugs with proven ability 
to dissolve an arterial thrombus that have occasionally 
been used for acute stroke since the late 50s [28,35,37]. 
After initial enthusiasm, this therapeutic strategy was 
abandoned because of the excessive risk of causing 
cerebral hemorrhage [29]. It must be remembered that 
early trials were conducted before the introduction of 
CT scanning, and consequently that some patients 
with intracerebral hemorrhage may have been treated. 
Moreover, patients were included up to many hours 
after clinical onset of stroke. These early experiences 
supported the idea that thrombolysis was contrain
dicated in acute cerebral ischemia. 

The success of coronary thrombolysis [11,39] and 
the diffusion of modern diagnostic tools (CT scan and 
MRI), together with greater knowledge of the patho
physiology of brain ischemia, have renewed the inter
est in thrombolytic therapy for acute ischemic stroke. 
Thrombolytic drugs have thus recently been tested in 
some controlled studies. It is not yet possible to 
definitively say what the risk/benefit balance of 
thrombolytic therapy in acute ischemic stroke is. This 
work, based on medical literature and on our own 
experience, is a contribution to the discussion on criti
cal topics, such as hemorrhagic transformation and 
brain oedema. 

Spontaneous Hemorrhagic Transformation 
of Brain Infarct-Incidence, Causes, Consequences 

Hemorrhagic transformation (HT) is a well-known 
occurrence in the evolution of a brain infarct [27,37], 
which led some early investigators to consider pale and 
hemorrhagic infarcts to be different moments of the 
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same event [9,10,12,27]. The real incidence of HT is 
difficult to asses, and percentages may vary greatly in 
different reported series [18,19,27,38] owing to the fact 
that there are few prospective studies which use serial 
CT scanning at predetermined time intervals after 
acute ischemic stroke [4,13,18,31], and that the criteria 
of case selection in published reports are not homoge
neous (aut optic studies, retrospective series, prospec
tive CT studies in which only patients showing clinical 
deterioration were scanned). Moreover, some of the 
patients in some series were given anti platelet agents or 
anticoagulant therapies, which might have influenced 
the incidence of bleeding. 

In discussing these data it is important to distinguish 
between hemorrhagic infarction (HI), in which the 
brain elements in the infarcted area are interspersed 
with blood, and parenchymal hematoma (PH), which 
is a lake of blood destroying brain parenchyma. While 
PH is a feared event associated with clinical worsening, 
the same cannot always be said for HI, which is pro
vocatively considered by some authors to be only a 
marker of a large lesion, not exerting per se a negative 
influence on the clinical outcome [33]. 

The global incidence ofHT ranges from 15 to 45 % 
in different papers, PH accounting for about 5 % 
[18,27,37]. We recently analysed the data ofa series of 
150 continuous patients (unpublished data) with a 
first-ever ischemic supratentorial stroke, diagnosed on 
the basis of the clinical picture and of a CT scan 
performed within five hours of onset. A repeat CT scan 
was performed between day 5 and day 9 after clinical 
onset in all surviving patients (the 7 patients who died 
before the second CT scan underwent autopsy). HT 
was observed in 65 (43 %) patients. Of these, 58 had 
HI, while 5 (8 %) had a small and 2 (3 %) a massive PH. 

The factors promoting HT are still a matter of dis
cussion [15]. Bleeding within the infarcted area has 
a peak during the first week after stroke [30], and 
its occurrence or worsening has been attributed to 
hypertension, vasodilation after ischemia, reperfusion, 
concomitant medications (antithrombotic and throm
bolytic agents) and aetiology of ischemia, since HT is 
more frequently detected in patients with cardio
embolic stroke [26,32]. 

There is now a consensus that HT is more frequent in 
patients more severely affected at hospital admission 
[18,31] and with larger infarcts detected on CT scan 
[7,25,31,32]. Some recent work has focused attention 
on the relationship between early focal hypodensity on 
the CT scan performed in the first hours after stroke 
and subsequent HT [3,5,14,16,36] (Figs. 1,2). 
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Fig. 1. First CT scan performed at 4 hours of stroke onset. Subcor
tical early focal hypodensity: obscuration ofteft lenticular nucleus 

Fig. 2. Same patient, control CT scan at 5 days: parenchymal 
hematoma in the same territory of the early focal hypodensity in 
Fig. 1 

In a classical paper of 1951 [10], Fisher and Adams 
first postulated that the restoration of blood flow (fol
lowing spontaneous thrombolysis and/or distal clot 
migration) into a vascular bed weakened by ischemia 
could be responsible for HT. Recent studies [2,19,27] 
which have addressed this problem concluded that 
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only some HTs are caused by the re-opening of large 
arterial vessels. According to our data (above men
tioned, unpublished series) this mechanism could ac
count for about 10 % of all bleedings, i.e. those with 
characteristics of PH. In the remaining patients the 
most probable mechanism leading to HT seems to be 
the reopening of the pial collaterals, following a de
crease in the compression initially exerted by the brain 
oedema [18]. The spotty or scattered petechial pattern 
of bleeding, with cortico-subcortical distribution, the 
presence in these patients of early focal hypodensity, 
which has been interpreted as a sign of intracellular 
oedema [19,36], and the delay between stroke and HT, 
usually corresponding to the resolution of oedema, all 
support this hypothesis. 

Apart from the infrequent cases of massive 
hematoma, HT does not seem to influence prognosis, 
whereas large oedema to us infarcts do appear to be 
correlated with a poor outcome in HT patients [33]. 
According to our data (previously cited, unpublished 
series), the larger the lesion or the more severe the mass 
effect, the higher the frequency both of early deteriora
tion and of final poor outcome, irrespective of the 
presence of HT. 

Hemorrhagic Transformation of Brain Infarct 
in Patients Treated with Thrombolytic Drugs 

Thrombolytic agents given for any reason obviously 
increase the risk of bleeding both in the brain and 
elsewhere in the body. Cerebral hemorrhage is a well
known complication of thrombolysis for myocardial 
infarction, and concomitant brain ischemia is, in fact, 
a criterion for patient exclusion from cardiologic 
protocols [11,20,39]. However, in a recent review on 
thrombolysis for acute ishemic stroke [37], the inci
dence of symptomatic PH was estimated to be 5 %, 
which is similar to that estimated for natural history. 
This apparent contradiction probably arises from 
differences in the timing of drug administration: in 
trials on myocardial infarction, as in early trials on 
cerebral ischemia, thrombolytic treatment was started 
many hours or even days after stroke onset [29,39]. It 
therefore appears to be the timing as opposed to the 
recanalization, that plays a key role in HT [27,37]. 
Lyden and Zivin in a recent paper hypothesised that 
very early recanalization may protect ischemic brain 
from reperfusion-mediated hemorrhage, whereas late 
treatment may promote this event [27]. 

In view of such considerations, several double blind, 
controlled thrombolysis trials were recently been 
started [6,8,17,23]. 

C. Fieschi et ai. 

MAST-E is a multicenter, double-blind, controlled 
trial on streptokinase in stroke, which was recently 
interrupted, after the enrollment of 270 patients, be
cause the incidence of cerebral hemorrhage was 2.8 
times higher in the treated group. In-hospital mortality 
of treated patients was more than twice that of the 
control group and the mortality rate at 6 months was 
33 % higher. According to the authors, their unfavor
able results might be attributable to the severity of 
the stroke cases included. In any case, these data 
clearly indicate that, for the time being, the use of 
thrombolytic agents should be reserved for patients 
taking part in clinical trials in which safety is carefully 
monitored. 

Our group participated in the ECASS (European 
Co-operative Acute Stroke Study), a randomised, 
double blind trial on intravenous rt-PA (Alteplase, 
1.1 mg/Kg bw) given within 6 hours of the onset of a 
hemispheric stroke [23]. Patients with severe neurologi
cal deficit and/or presenting on the admission CT scan 
early sings of a large infarct (more than one third of the 
territory of middle cerebral artery) were excluded from 
the study. Recruitment was completed in spring 1994. 
Six hundred and twenty patients were randomised and 
included in the intention-to-treat analysis. Statistical 
analysis of all the data has not been completed yet, but 
it will be interesting to verify the safety oft-PA in this 
cohort of less severe strokes. 

The Problem of Severe Oedema 
and Brain Herniation in Thrombolysed Patients 

Severe infarct oedema is reported to occur spontane
ously in approximately 5 % of large infarcts [26,37]. 
Although the cause is not clear, it may, it is 
hypothesised, be due to "reperfusion injury", and if so, 
thrombolysis could worsen the condition [24]. 
W ardla w et al. in 1992 prospectively examined 
reperfusion in patients with MCA territory infarcts 
and found that infarct swelling was greatest in the 
largest infarcts and in patients showing permanent 
MCA occlusion at angiography or transcranial 
doppler ultrasound, whereas patients who reperfused 
within the first 3 days had smaller infarcts, less oedema 
and a better clinical outcome [38]. 

The frequency of severe swelling and brain hernia
tion varies in different thrombolysis studies: some of 
them do not take account of this event as a possible 
complication [37], others report an incidence compa
rable to that of natural evolution. Albertset al. recently 
reported on the incidence of oedema in 87 acute 
ischemic stroke patients treated with IV rt-PA, exam-
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ined by means of angiography [1]. They found moder

ate or severe oedema in 28 % of the cases. Oedema was 
significantly associated with large vessel occlusions 
and large infarct volumes, but not with immediate 
recanalization status, blood pressure, blood glucose 
levels, or used diuretics. In the previously-mentioned 
MAST -E study [17] the proportion of deaths definitely 
known to be due to massive cerebral oedema was the 
same in the treated and placebo groups (26.5 %). As for 
HT, the problem of severe oedema seems to be strictly 
connected with the size of the lesion, it being more 
frequent in large infarcts. 

Final Considerations 

There is evidence that thrombolytic agents can be 
beneficial in acute ischemic stroke. Their impact in this 
disease will probably not, however, be as great as in 
acute myocardial infarction, owing to the higher fre
quency of life-threatening complications and the con
sequent need for more restrictive patient selection 
criteria. Rather than giving a definitive answer on the 
role of thrombolysis in stroke therapy, the results of the 
ongoing trials will probably provide further informa
tion on how to identify those patients who are most 
likely to benefit and least likely to experience adverse 
effects from thrombolytic therapy. 

Note added in proof Since the preparation of this manuscript, both 
of the above mentioned ongoing studies have been published [2,3]. 
We support the editorial comment by del Zoppo [1]: "The NINDS 
study and the ECASS experience are important steps toward effec
tive treatment for stroke-related injury, but in the clinical application 
of thrombolysis in acute stroke we should move forward cautiously 
and with clear awareness of potential risks". 
I. del Zoppo GJ (1995) Acute stroke-on the threshold of a therapy? 

N Engl J Med 333: 1632-1633 
2. Hacke W, Kaste M, Fieschi C et al. (1995) Intravenous throm

bolysis with recombinant tissue plasminogen activator for acute 
emispheric stroke: the European Cooperative Acute Stroke 
Study (ECASS). JAMA 274: 1017--1025 

3. The NINDS rt-PA Stroke Study Group (1995) Tissue plasmino
gen activator for acute ischemic stroke. N Engl J Med 333: 

1581-1587 
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in Axolemmal Permeability with Associated Cytoskeletal Change 
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Summary 

Recent studies have demonstrated that delayed or secondary 
axotomy is a consistent feature of traumatic brain injury in both 
animals and man. Moreover, these studies have shown that the 
pathogenesis of this secondary axotomy involves various forms of 
initiating pathology, with the suggestion that, in some cases, only the 
axonal cytoskeleton is perturbed, while, in other cases, both the 
axonal cytoskeleton and related axolemma manifest traumatically 
induced perturbations. In the current communication, we continue in 
our investigation of the significance of these traumatically induced 
alterations in axolemmal permeability and their relation to any 
related intra-axonal cytoskeletal change. This was accomplished in 
cats which received intrathecal infusions of peroxidase, an agent 
normally excluded by the intact axolemma. These animals were 
subjected to traumatic brain injury, and sites showing altered 
axolemmal permeability to the peroxidase were assessed at the light 
and electron microscopic level. Through this approach, we recog
nized that a traumatic episode of moderate severity evoked changes 
in axolemmal permeability which surprisingly endured for up to 5 hrs 
postinjury. At such focal sites of altered permeability, the related 
cytoskeleton showed a statistically significant neurofilament com
paction, with the strong suggestion of concomitant neurofilament 
sidearm loss, microtubular dispersion, and mitochondrial abnormal
ity. Over time, these events led to further disorganization of the 
axonal cytoskeleton which translated into impaired axoplasmic 
transport and secondary axotomy. Most likely, these alterations in 
axolemmal permeability result in either the direct or indirect effects 
upon the axonal cytoskeleton that precipitate the damaging 
sequences resulting in delayed axotomy. 

Keywords: Traumatic brain injury; axonal damage; axolemma; 
cytoskeleton. 

Introduction 

Diffuse axonal injury has long been recognized as a 
feature of human traumatic brain injury that has been 
associated with morbidity and mortality [1,12,13]. 
While historically it was assumed that the tensile forces 
of injury tore axons at the moment of injury, work 
emerging from the experimental and clinical settings 

suggest that, with the exception of the most severe 
forms of traumatic brain injury [4], direct disruption of 
the axon cylinder does not occur [2,4,8,9, 11,16]. 
Rather, it appears that a process of secondary or de
layed axotomy predominates, whereby the traumatic 
episode elicits an impairment ofaxoplasmic transport 
that results in axonal swelling, with subsequent discon
nection over a several-hour posttraumatic course 
[2,4,8,9,11,16]. While most investigators concur that 
the process of delayed or secondary axotomy is the 
predominant form of the axonal damage occurring 
with traumatic brain injury, new evidence suggests that 
the pathogenesis of traumatically induced delayed 
axotomy is quite complex, involving different forms of 
initiating pathobiology [6]. Specifically, with mild trau
matic brain injury, injured axons appear to manifest 
only cytoskeletal change, whereas with more severe 
injury, the injured axons demonstrate cytoskeletal ab
normalities whose genesis appears to be influenced by 
concomitant changes in axolemmal permeability [6]. 
Specifically, in those axons showing altered axolemmal 
permeability, the neurofilaments appear to undergo 
rapid compaction, followed over time by a relatively 
delayed misalignment, leading to impaired axoplasmic 
transport and delayed axotomy [6]. This is in contrast 
to those axons showing primary cytoskeletal change 
which manifest rapid neurofilament misalignment 
without compaction as a prelude to the disruption of 
axoplasmic transport and delayed axotomy. 

In the current communication, we continue in our 
analysis of those abnormalities associated with trau
matically induced alterations in axolemmal permeabil
ity. In this context, we seek to define fully the 
posttraumatic duration of this traumatically induced 
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alteration in axolemmal permeability, while fully expli
cating, through quantitative methods, the precise 
cytoskeletallneurofilament changes that occur in rela
tion to these sites of altered axolemmal permeability. 

Materials and Methods 

Essentially, the protocols used in the current investigation closely 
adhere to those previously reported [6]. Sixteen adult male cats were 
anesthetized with sodium pentobarbital (30 mm/kg iv), and were 
surgically prepared for the induction of a fluid-percussion traumatic 
brain injury consistent with protocols described in previous commu
nications [14]. The animals evaluated in the current investigation 
were subjected to injuries of moderate to moderately severe intensity, 
ranging from 2 to 2.8 atms in severity , and were allowed to survive for 
varying periods ranging from 5 mins to 8 hrs postinjury. To examine 
the issue of traumatically induced alterations in axolemmal perme
ability, 50 mg of horseradish peroxidase (HRP) Type VI (Sigma 
Chemical Co., St. Louis, MO) was dissolved in autologous CSF and 
infused into the cisterna magna via a 25 gauge spinal needle. Previous 
experience with this approach has shown that the intrathecally in
fused HRP diffuses into the extracellular space of brain stem paren
chyma where, in the control situation, its intra-axonal passage is 
restricted by the presence of the intact axolemma [6]. In all animals, 
the intrathecal peroxidase was allowed to remain in situ for 1- 2 hrs, 
prior to the induction of the traumatic fluid-percussion insult. Thus, 
in those animals with a relatively short posttraumatic survival time, 
the intrathecal infusion was accomplished prior to the induction of 
the traumatic brain injury. Alternatively, for those animals surviving 
for a more prolonged posttraumatic course, the intrathecal infusion 
was initiated 1- 2 hrs prior to sacrifice. 

At the designated survival times, the animals received an overdose 
of sodium pentobarbital (100 mg/kg), and were transcardially per
fused with aldehydes. The brain stems were removed the bisected, 
with one bisected segment undergoing sagittal sectioning at 50~m on 
a vibratome. The other bisected segment was coronally sectioned in 
the same fashion. All sections were then reacted for the visualization 
ofHRP reaction product, utilizing 0.05 % diaminobenzidine, 0.2 % 
B-D glucose, 0.04 % ammonium chloride and 0.00041 % glucose 
oxidase in a O.lM sodium phosphate buffer. Alternate sections were 
then processed for either light- or electron microscopy. In this ap
proach, the sagittally harvested sections were used to ascertain, if the 
traumatic insult was capable of eliciting alteration in axolemmal 
permeability to the extracellulary confined HRP, while also deter
mining, if any observed alteration in axolemmal permeability was an 
enduring posttraumatic event. 

The sagittal sections were also used to identify those anatomical 
foci, revealing peroxidase-containing axons so that comparable foci 
could be selected in the coronal sections for subsequent detailed 
analysis of intra-axonal cytoskeletal change. To this end, coronally 
sectioned axons demonstrating intra-axonal HRP were photo
graphed at a magnification of 50,000X, and these were compared and 
contrasted to size-matched axons demonstrating no evidence ofHRP 
uptake. Both HRP and non-HRP-containing-axons were then over
laid by a standardized grid containing hexagons, each encompassing 
0.025 ~m (Fig. 2). These micrographs were then transferred to 
an image analysis unit where they were video graphically captured, 
digitized and enlarged. In each grid, the neurofilament density/num
ber was computed, with a total of20 grids evaluated per micrograph . 
In all , 5 HRP-containing and 5 non-HRP-containing axons were 
analyzed in this fashion, and statistical evaluation of these findings 
was performed. 

The controls used in the current investigation varied. As noted 
above, non-HRP-containing axons served as internal controls, al-
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lowing for statistical comparisons to be made between the HRP
containing and non-HRP-containing groups. In addition to these 
controls, two (2) other animals received intrathecal peroxidase but 
were not subjected to injury. These animals were subsequently pre
pared and processed in accordance with the above described proto
cols. 

Results 

Animals subjected to traumatic brain injury showed 
evidence of focal intra-axonal peroxidase flooding 
which was most prominent in the pontomedullary and 
cervicomedullary junctions (Fig. 1). As previously sug
gested, such peroxidase flooding was seen within min
utes of the traumatic episode, clearly indicating that 
alterations in the axolemma's permeability to the ex
tracellularly confined peroxidase occurred early in the 
posttraumatic course. Not only was such altered 
axolemmal permeability to peroxidase seen within the 
first minutes postinjury, but also, it continued over a 
relatively long posttraumatic course. Such alterations 
in the axolemma's permeability persisted for at least 
5 hrs postinjury, the point at which the HRP was first 
infused in those animals surviving for up to 7 hrs. 
However, in one animal, when the HRP was infused at 
7 hrs postinjury with an additional hour of posttrau
matic survival, no intra-axonal HRP was observed, 
suggesting a restitution of the axolemma's traumati
cally altered permeability at this relatively late post
traumatic time point. 

When the HRP-containing axons were visualized in 
the coronal plane and compared and contrasted to 
size-matched non-HRP-containing axons, a distinct 

Fig. I. Light micrograph of a plastic thick section of a brain stem cut 
in the coronal plane. Note the HRP-containing axons (arrows), some 
of which appear dense and somewhat irregular, suggesting shrinkage 
from the overlying myelin sheath . (X 1,000) 
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set of neurofilament and cytoskeletal changes were 
recognized. Within 5 mins of the traumatic episode, a 
dramatic increase in the number of neurofilaments per 
unit area occurred in the HRP-containing axons 
(Figs. 2-4). In those axons containing HRP, the mean 
neurofilament density/number per 0.025 I-lm2 reached 
37.97 ± 5.93 (Mean ± SEM) in contrast to the non
HRP-containing axons in which the neurofilament 
density reached only 18.67 ± 2.88 (Mean ± SEM) per 
0.025 I-lm2. These differences were highly significant 
(t4 = 3.98, p<0.05). Despite their increase per unit area 
which reflected increased NF compaction, the 
neurofilaments did not change in their alignment, 
maintaining their normal linear course parallel to the 
axon's long axis. Careful examination of the coronal 
sections from HRP and non-HRP-containing axons 
revealed other differences in addition to this statisti
cally significant increase in neurofilament density. 
Specifically, in the HRP-containing an apparent loss of 
the neurofilament sidearms occurred, and this loss was 
striking in comparison to the non-peroxidase-contain
ing as well as those axons harvested from the sham 
controls (Figs. 2 and 3). Further, although not quanti
tatively validated, there was a strong suggestion of 
microtubular loss as well as local damage to the mito
chondria, reflected in mitochondrial swelling with dis
ruption of their cristae. These intra-axonal events were 
also associated with a marked irregularity and infold
ing of the axon cylinder, with the suggestion that the 
axon was shrinking away from its overlying myelin 
investment. Typically, all of these events were seen as 
early as 5 mins postinjury, and these changes were 
observed in both nodal and inter-nodal regions. When 
these coronally sectioned axons were followed over 
time, it was somewhat surprising to find that the above 
described intra-axonal changes persisted relatively un
changed for a period of up to 2-3 hrs postinjury. In 
these cases, the axons displayed the typical repertoire 
of increased filament density associated with sidearm 
loss, microtubular dispersion, and mitochondrial dam
age. With continuing survival, the same axons mani
fested continued evidence of neurofilament change, 
this time reflected in an alteration in neurofilament 
alignment. Now, the neurofilaments moved in planes 
oblique to the long axis of the axon, and at these sites, 
this altered neurofilament alignment was associated 
with an accumulation of organelles, most likely the 
result of impaired axoplasmic transport. 
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Discussion 

The results of the current investigation confirm and 
significantly extend our previous observations regard
ing the occurrence of traumatically induced change in 
axolemmal permeability and its relation to ongoing 
alterations in the axonal cytoskeleton [6]. First, the 
current communication confirms that moderate trau
matic brain injury can evoke altered axolemmal per
meability change. It significantly extends previous 
observations by showing that such permeability 
change can persist for up to 5 h postinjury, while sug
gesting that beyond this time, there is a restitution of 
the axolemma's ability to exclude HRP passage. The 
ultrastructural correlates of this altered axolemmal 
permeability are, at the moment, unknown. However, 
in the studies conducted to date, no evidence of direct 
membrane renting has been detected. Conceivably, 
the traumatic episode causes subtle membrane pertur
bations not detectable by routine ultrastructural 
analyses. 

Although the finding of traumatically induced 
alterations in axolemmal permeability is of interest, it 
becomes even more significant when one considers 
its biological implications. Normally, the intact 
axolemma helps to maintain the intra-axonal environ
ment which varies considerably from that found in 
the extracellular compartment. Specifically, with dis
ruption of the axolemma of the magnitude observed, 
one could easily conceptualize, how various excluded 
ions could move from the extracellular space to reach 
the intracellular compartment where they could exert 
either direct or indirect effects upon the axonal 
cytoskeleton. 

As noted in the current communication, those 
axonal sites demonstrating altered axolemmal perme
ability also manifest concomitant, rapid cytoskeletal 
change reflected in a statistically significant increase in 
neurofilament density. This increase in density appears 
to correlate with the loss and/or collapse of the 
neurofilament sidearms which, in turn, allows for in
creased neurofilament compaction, translating into a 
general collapse/shrinkage of the axon cylinder. Inter
estingly, this loss or collapse of the neurofilament 
sidearms, with concomitant neurofilament compac
tion, also appears to be associated with microtubular 
loss and mitochondrial abnormalities, although these 
findings have not been statistically validated. 
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Figs. 2 and 3. Ultrastructural details ofa non-HRP-containing (Fig. 2) and a HRP-containing axon (Fig. 3). The hexagonal grid which overlies 
both axons was used in the quantitative assessment of the filament density. Note that the neurofilaments seen in the non-HRP-containing axon 
(Fig. 2) appear widely dispersed, with conspicuous sidearms projecting between the transversely sectioned neurofilaments. Also, note that these 
neurofilaments are associated with unaltered mitochondria. In contrast to this, note that the neurofilaments seen in the HRP-containing axon 
(Fig. 3) appear densely packed with an apparent loss of their sidearms. Also note that these neurofilament abnormalities are associated with local 
mitochondrial damage (M) as well as shrinkage of the axon away from the overlying myelin sheath (*). It should be noted that although this 
HRP-containing axon demonstrates traumatically induced neurofilament packing, other HRP-containing axons examined in this study showed 
even more dramatic packing. (x 50,000) 
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Frequency Distribution 

IllamenlsJhexagon 65 70 

Fig. 4. Frequency distribution of the neurofilament numbers/densi
ties in HRP-containing vs non-HRP-containing axons. Note that in 
the HRP-containing axons, there is a conspicuous increase in 
neurofilament number/density 

While collectively these events seem somewhat con
sistent with an intra-axonal dysregulation in calcium 
homeostasis with an activation of neutral proteases 
[7,10,15], it is somewhat surprising that these events 
occurred without evidence of any continued neuro
filament degradation, since such dissolution has been 
posited to occur subsequent to a disruption of calcium 
homeostasis [10]. In this context, however, it is conceiv
able that the calcium may depolymerize micro tubules 
and activate proteases that cleave the neurofilament 
sidearms, resulting in altered neurofilament structures 
that are resistant to further enzymatic degradation. 
Alternatively, it is possible that these events may not be 
related to local calcium dysregulation. Rather, they 
may be related to other ionic or secondary messenger 
changes. In this context, preliminary work conducted 
in our laboratory, using the calcium chelator BAPT A
AM, has failed to demonstrate any significant protec
tion in terms of the observed neurofilament alterations. 
Since it is well-known that the neurofilament sidearms 
are highly phosphorylated, it is possible that other 
events may trigger dephosphorylation, resulting in 
their apparent collapse [5]. Obviously, these issues re
quire continued investigation in order to dissect out 
causality and thereby determine if any rational thera
peutic interventions can be developed. 

In addition to the observations made during the 
acute phase of peroxidase influx, the results of the 
current investigation are equally important in that they 
confirm that once initiated, the increased neuro
filament packing remains relatively stable for a several 
hour course after which time the neurofilaments begin 
to disassemble, together with the onset of impaired 
axoplasmic transport. The considerable delay involved 
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in these evolution events is somewhat surprising and 
suggests that once initiated the neurofilament compac
tion may set into motion a series of secondary changes 
that result in ultimate neurofilament disassembly/ 
disruption. Precisely how this is accomplished is un
known, but perhaps secondary messenger systems 
evoked by the traumatic insult lead to this delayed 
neurofilament disassembly [5]. 
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Expression of Microglial Markers in the Human CNS After Closed Head Injury 
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Summary 

The loss of neurons after severe closed head injury is not only a 
consequence of the primary impact but also of secondary damage 
mechanisms. Among the cell population of the central nervous sys
tem microglia is surely a candidate to influence secondary damage 
mechanisms by releasing cytotoxic cytokines [I]. About microglial 
reaction in closed traumatic brain injury (TBI), however, no data are 
available. In contrast to experiments using stab wound injury the 
coverings of the CNS in closed TBI are still intact. 

We have examined 17 patients who died because of TBT after 
various times post injury. We studied the expression of antigens 
which are either permanently present on microglial cells or those 
which are only facultatively found on activated microglia. 

Low numbers of microglial cells were shown to express MHC-class 
II antigens immediately after TBI which is also true for CD 68 and 
leukocyte common antigen (LCA). Surprisingly, however, antigens 
such as HAM 56 were expressed not earlier than 72 hours after TBI 
as well as the lectin ricinus communis agglutinin-I (RCA-I). The 
results indicate a delayed activation of microglia in traumatic brain 
lllJury. 

Keywords: Head injury; microglia; macrophages. 

Introduction 

The role of microglial activation following patho
logical events has been of interest since their first de
scriptions by Nissl (1894) and Rio-Hortega (1932) 
[3,19]. Experimental models to study the mechanisms 
of microglial activation require an approach which 
does not interrupt the integrity of the central nervous 
system (CNS) because activated microglia cannot be 
distinguished from blood born macrophages. This ap
proach was utilized in the so called "facialis model" 
(for rev. see Kreutzberg, this volume pp. 103). Cutting 
the peripheral root of the facialis nerve results in prolif
eration of microglial cells and their migration to a 
perineuronal position. In contrast, additional applica
tion of neurotoxic drugs induce neurotoxic mecha
nisms of microglial cells. These different functions of 

microglia represent either different phases or different 
pathways of activation. 

Traumatic brain injury (TBI) is one of the rare hu
man diseases in which the time of onset of the patho
logical changes is exactly known. The first pathological 
changes are characterized by a local edema within 
minutes, perivascular hemorrhages and the presence of 
polymorphonuclear cells within hours. Degeneration 
of neurons and axonal swelling as well as ballooning 
and disconnection can be detected in each case caused 
by either mechanical forces or secondary damage 
mechanisms. Macrophages invade the contusion area 
2 hours post TBI and might change into siderophages 
after about 72 hours. Lymphocytes can be detected 
3-4 days post injury. The primary lesions are followed 
by many additional secondary lesions depending on 
severeness and kind of injury for example circulation 
disturbances, local and general ischemia, inflamma
tion, edema and swelling of parenchyma leading to 
herniation of the brain. (for rev. see [26]). 

A candidate which might influence secondary dam
age of the tissue is the microglial cell. This cell is 
equipped with a cascade of mechanisms which can 
both, enhance and downregulate tissue damage. Due 
to this idea we have studied microglial reaction in TBI. 
Knowledge about microglial reaction offers different 
advantages: (1) Better understanding of pathomecha
nisms and therapeutic strategies, (2) Detailed typing 
and staging of lesions which is important in forensic 
medicine. 

This problem was approached by immunocy
tochemical methods. The microglia was labeled by 
markers which are either constitutively or facultatively 
expressed on the microglial cell population but which 
are also found on macrophages and monocytes. 
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Table I. Clinical and Autoptical Data 

No. Age Sex Time of survival Kind of injury Edema, herniation, coma SDH, SAB Cause of death Clinical data 

27 w hours traffic accident + + + SDH brain death trep. 
2 36 m hours brawl and fall + + + SAB brain death 
3 43 m hours fall + ni brain death chronic alcoholism 
4 26 w 12 hours traffic accident + + hemorrhagic shock trep. 
5 28 m 14 hours traffic accident + + + SAB, SDH hemorrhagic shock DAr 
6 52 m 12-24 hours brawl and fall + + + SDH brain death gliding contusion 
7 48 w 36 hours brawl and fall + + + SDH brain death DAI 
8 79 m 72 hours brawl and fall + + + SDH brain death trep., older ischemia 
9 30 w 72-96 hours fall + + + brain death pregnancy, sinus 

cavernosus fistula 
10 55 m 8 days traffic accident + + + brain death skfrac. 
11 41 m 10 days traffic accident + TIl brain death brain stem con tusion, 

skfrac., DAI 
12 87 m 14 days fall + ni SAB,SDH brain death hemorrhagic insult 

48-72 h, skfrac. 
13 83 m 14 days traffic accident + + + SDH brain death intracerebral hema-

toma 48-72 h, trep. 
14 80 w 15 days traffic accident + + + brain death skfrac. 
15 18 w 16 days traffic accident + + + multi organ failure trep., reanimation, 

anoxia 
16 53 m 21 days brawl and fall + EDH pneumonia ischemic injury 

4 days, skfrac., trep. 
17 56 w 6 months traffic accident + + + SDH pneumonia skfrac., hemiplegia, 

ischemic injury 

SAB subarachnoidal bleeding, SDH subdural hematoma, EDH epidural hematoma, DAI diffuse axonal injury, skfrac. skull fractures, trep. 
trepanation, ni no information. 

Material and Methods 

Macroscopy and Histology 

17 brains from deceased patients with severe TBI were autopsied. 
The selected brains had a distinct survival time from several hours to 
six months post TBI. The clinical and autopticalfindings are summa
rized in Table I. Samples of the formalin fixed brains were taken 
from 1.) the contusional area, 2.) tissue of the immediate vicinity, 
3.) from non-injured areas and 4.) the brainstem. 

The formalin-fixed and paraffin-embedded tissue was sectioned, 
routinely processed and stained with hematoxylin-eosin, Elastica
van-Gieson, Carstairs, Bielschowky's axon staining, Luxol-fast-blue 
and Berlin-Blue to determine the borders of the tissue injury. Other 
pathological events than those due to the mechanical trauma were 
excluded. Only in one case, number 3 in Table I, we got knowledge of 
alcoholism, which had induced probably pretraumatic microglial 
reaction. 

Immunohistochemistry 

The following antibodies reactive with antigens expressed by either 
resting or activated microglia were used: Anti- CD 68 (clone KP-I, 
DAKOPATTS, Hamburg, FRG) [13], anti- human leukocyte com
mon antigen (LCA, CD45, clone PD 7126 and2BII, DAKOPATTS, 
Hamburg, FRG) (14), anti- monocytesltissue histiocytes (MAC 
387, DAKOPATTS, Hamburg, FRG), [13] anti-human alveolar 
macrophage (HAM 56, ENZO Diagnostics, New York NY, USA) 
[13]. Microglia was also studied with the biotinylated lectin ricinus 
communis agglutinin-I (RCA-I, Vector Burlingame CA, USA) 

[2,13,17]. For detection of MHC-II antigens, we used HLA-DR 
(clone CR3/43, DAKOPATTS, Hamburg, FRG) [7,13,18,22]. For 
demonstration of astrocytic response, a monoclonal antibody 
against glial fibrillary acid protein (GFAP, Boehringer, Mannheim, 
FRG, clone G-A-5) was applied. Axon spheroids were visualized by 
both anti-Neurofilament 68 kD light chain antibodies (clone NR 4, 
Boehringer, Mannheim, FRG) and anti-Alzheimer precursor pro
tein A4, (f3APP-A4, clone 22CII, Boehringer, Mannheim, FRG) 
[10, II]. Antigens were exposed either by trypsin (CD 68, LCA) or by 
microwave pretreatment in citrate-buffer (pH 6.0) (NF 68-kD, 
f3APP-A4). Endogenous peroxidase was blocked with 0.3 % hydro
gen peroxide in 100 % methanol. Slices were incubated with 10 % 
Tris- buffered (pH 7.1) normal swine serum containing 0.1 % bovine 
serum albumin (BSA) to prevent unspecific binding. The specific 
binding of the primary antibodies was followed by biotinylated 
anti-mouse or anti-rabbit F (ab') 2 fragments (DAKOPATTS, 
Hamburg, FRG). The avidin-biotin peroxidase complex technique 
(DAKOPATTS, Hamburg, FRG) with 3,3'-diaminobenzidine 
(DAB) as substrate was used to visualize the specific antigen binding. 
All sections except those labeled with NF-68 and f3APP were coun
terstained with hematoxylin. Specificity of the method was controlled 
by omission of the primary antibody. 

Light Microscopy and Counting 

Positively labeled structures which had the appearance of either 
ramified or ameboid microglia with a visible nucleus were counted 
light microscopically in a 50 mm' grid of each selected area. Cells 
which could not be distinguished from phagocytosing macrophages 
were not included. Grey and white matter was evaluated separately. 
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Fig. 1. The frequency of injury was up to 80 % in the frontal lobe. 
whereas the parietal (66 %) and temporal lobe (22 %) were less 
frequently injured. The lowest frequency was found in the cerebel
lum, the brain stem and the occipital lobe. n= 17 

Statistical Methods 

The Wilcoxon Kruskal-Wallis tests (signed rank) was used to 
correlate the group with survival of less than 72 hours post TBI with 
the group with survival of more than 72 hours post TBI. To compare 
differences between grey and white matter we subtracted the counts 
in white from those in grey matter based on the Students t-test. The 
non parametric measures of association were used to examine the 
association of markers. 

Results 

General Findings and Routine Histology 

Most of the TBI lesions were found in the frontal 
lobe, whereas cerebellum and brain stem were affected 
in only 11 % of the brains studied. The localizations of 
contusional areas are listed in Fig. 1. Only in two cases 
a contrecoup opposite to the injured area could be 
identified. The histological evaluation revealed patho
logical changes which corresponded exactly with the 
survival time after the accident. 

In all of the 17 cases microglia could be labeled with 
the described markers, except for MAC-387 antibodies 
which did not label any microglial cells. For control, 
adjacent sections were stained by anti- GFAP antibody 
to ensure the proper immunocytochemical reaction 
conditions. 

Axon Spheroids Detected with f3APP-A4 and NF-68 

We have visualized axon spheroids or swollen axons 
with antibodies against NF-68 (14 of 17) and f3-APP-
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A4 (14 of 17). Only one case lacked such pathological 

changes ofaxons. Two other cases showed axon sphe
roids labeled only by one of the antibodies. Axon 
spheroids were found even in cases with only a few 
hours of survival time. A high number of axon sphe
roids was detected in the region adjacent to the injured 
area. Numerous spheroids, however, were labeled in 
the brain stem, indicating that these patients suffered 
from additional brain stem contusion or diffuse axonal 
injury (DAI). 

Microglial Marker Expression up to 72 hours 

As shown by staining with antibodies against HLA
DR, CD 68 and LCA in normal brains, in injured 
brains microglia was also more frequent in the white 
than in the grey matter (Fig. 2, A-I and Fig. 3, A,C). 
This was proven for all tested regions (signed rank t
test between Prob>t: 0.016 and 0.031). The association 
of these three markers corresponded significantly: 
(HLA-DR-CD 68: Prob</Rhol 0.0006; LCA-CD 68 
Prob</Rhol 0.0231). Labeling with anti-CD 68 cells 
showed a stronger staining than with antibodies 
against HLA-DR and LCA. The cells were rod shaped 
with small processes, occurring prominently in 
perivascular areas. Regarding the selected areas, the 
labeled microglia showed no striking differences. A 
slight increase in cell number was detected only in the 
vicinity of the trauma (see Fig. 2). The brain stem, 
however, showed many positively labeled cells without 
distinct distribution (not shown). 

Before 72 hours post TBI, only endothelium and 
blood-born macrophages, which occasionally were 
found perivascularly and in the parenchyma, could be 
detected with RCA-l and HAM 56. One case (number 
3 in Table I) was an exception which showed highly 
ramified RCA-l positive cells in some distinct areas 
which could not be related to the trauma. This patient 
suffered from chronic alcoholism. A long slender cyto
plasm with many branches classified these cells to the 
resting type of microglia. The number of cells was 
highly increased compared to other cases with a sur
vival time ofless than 72 hours (Fig. 4, A,C,G-I). 

Microglial Reaction after more than 
72 Hours Post TBI 

72 hours post TBI microglial cells expressed HAM 
56 and RCA-l in both grey and white matter. Only in 
one case (see above) RCA-I was expressed earlier. 
These findings were highly significant. (RCA-l Prob> 
IZI 0.0018; Prob>ChiSq 0.0015; HAM 56Prob>/ZI 
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Fig. 2 A -I. In all examined regions microglia was labeled by antibodies against HLA-DR, LCA, and CD 68 from the beginning. Not all 
markers were labeling an identical number of cells. Microglia was more frequently found in the white matter than in the grey matter. Even in 
non- injured brain tissue microglia-labeling showed the same pattern, which was also true for the brain stem (not shown) 

Fig. 3. Approximately 6 hours post TBI microglial cells did not express all antigens which are found on both: activated microglia and 
macrophages. Yet, CD 68 antigens were present from the beginning in activated microglial cells (A, arrows). The photomicrograph was take 
from the brain stem of patient number 1 (see table 1) who died few hours post TBI. The same area did not express HAM 56, an antigen isolated 
from alveolar macrophages (B). Microglia in the vicinity of a traumatic lesion did also express CD 68 antigens (C, arrows). In the same area the 
lectin RCA-l was labeling only endothelial cells but not microglia (D). (bar = 25 flm). More than 72 hours post TBI labeling of microglia cells 
followed a quite different pattern. HAM 56-antigen was found then not only on endothelial but also on microglial cells (arrows), in a 
macroscopically not injured area, as shown in (E), demonstrating a case with 10 days survival. The same is true for labeling with RCA-I as 
shown in (F) (arrows). RCA-l labeled microglia was now also found at the site of the lesion (G) together with macrophage- like cells. MHC
II antigens, however, were only very weakly expressed (arrows in H). (bar = 40 flm) 
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0.0004; Prob>ChiSq 0.0003) (Fig. 4). Calculating the 
association between CD 68, HLA-DR and LCA 
against HAM 56 and RCA-I, no significant differences 
were found. Based on the appearance and shape of 
cells these markers were not present on identical cells. 
Mainly in the area of contusion, where cell debris 
was found, RCA-l and HAM 56 positive cells had 
large somata with short stubby processes, and lots 
of cells could not be distinguished from macro
phages (Fig. 3, F, G). HLA-DR, CD 68 as well as 
LCA positive cells were more ramified and hetero
genous in morphology. These cell were found in areas 
with no RCA-l and HAM 56 positive cells (see Figs. 5 
and 6), ranging from zero up to more than 40 cells per 
counted region (Fig. 4 A,B). In the single case labeled 
microglial cells were distributed equally in all selected 

areas. Summarizing the different staining patterns, all 
microglial cell numbers were increased after 72 hours 
post TBI. 
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Discussion 

In traumatically injured human brain it is currently 
shown that up to 72 hours post traumatic brain injury 
(TBI) microglial cells express HLA-DR-antigens, 
LCA and the CD 68 molecules. The expression of these 
markers were found in the injured areas and nearby as 
well as in areas far away from the damaged tissue. 
Although the number of microglial cells were highly 
heterogenous [16], their number was significantly 
higher in the white than in the grey matter as described 
for the normal CNS [4,7,12,22]. These findings confirm 
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Fig. 4 A -I. LCA antibodies were labeling in most of our cases microglia within the observed time course. The same was true for anti- CD 68 
(A,B), whereas RCA-l and mAb HAM 56 were not found before 72 hours post TBI (A-I). This was not restricted to injured areas, but also 
found in the other areas studied 
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a permanent expression of HLA-DR molecules and 
LeA antigens [4,7,12,21,22]. 

In experimental studies (rev. by Kreutzberg this vol
ume, [25]) a very early proliferation of microglial cells 
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Fig. 5. Although all markers were observed on activated microglial 
cells, they were not equally expressed at a given time. In periven
tricular subependymal tissue far away from the impact (16 days post 
TBl), LCA was only weakly expressed on ramified microglia 
(A, arrows). CD 68, however, was also found in the deeper 
subependymal layers on rod shaped and more ramified cells 
(B, arrows). Distribution of MHC II- antigens had quite a similar 
pattern but occurred much less frequent than CD 68 (C. arrows). 
MHC-II was present only on ramified cell types in the deeper layers 
and adjacent to the ependyma. (bar = 40 f,lm) 
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has been described following cytotoxic axotomy. In the 
present study, however, proliferation was not seen. 
The number of cells which were labeled by antibodies 
against HLA-DR, LCA, and CD 68 was within the 
range of that in normal brain (for rev. see [12]). 

The results of our study have revealed a striking 
change of the microglial population later than 72 hours 
post TBI. After this time microglial cells increased in 
numbers binding HAM 56 and the lectin RCA-I. The 
pan-macrophage immunomarker HAM 56 is known 
to be also expressed in human alveolar macrophages. 
Its antigen is not exactly characterized yet. Hulette 
[13] has observed HAM 56-positivity only under 
pathological conditions. This would implicate that 
microglial cells have either changed to phagocytosing 
cells or that an increased number of blood-borne mac
rophages has invaded the brain. Although we have 
counted only those cells with a ramified or amoeboid 
morphology, this does not exclude invasion of blood
borne macrophages. The studies of Sievers [23] have 
demonstrated that macrophages have the capacity to 
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Fig. 6. Markers which were found on activated microglial cells in the 
later phase of TBI were only expressed in the deeper layers. Both 
micrographs demonstrate the area also shown in figure 5. HAM 56-
positive (A) and RCA-I- positive cells (B) (arrows) were not present 
in the subependymal tissue, (bar = 40 f,lm) 
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acquire microglial properties in vitro based on both, 
morphology and electrophysiology. Astrocytes induce 
macrophages to express a typical inward rectifying ion
channel which is only found in microglia [15]. 

Occurrence of RCA-I labeling not earlier than 72 
hours post injury is a surprising result. Manoji [17] 
have described that the lectin can also label microglia 
in normal brain. He exclusively studied the brain of 
younger persons who apparently have not suffered 
from CNS diseases. It is believed that lectin binds 
specifically to f3-galactose and 13-N -acetylgalactos
amines. It might be possible that up to 72 hours post 
TBI, the absence of lectin binding is due to prolonged 
formalin fixation. This was, however, also true for 
those cases who survived TBI for more than 72 hours. 
The only possibility to explain this result is that after 72 
hours specific galactose residues were increased on the 
cell surface. Due to the prolonged formalin fixation 
during the early phase the low number of galactose 
residues are not detectable by lectin binding before 72 
hours after TBI. 

Later galactosylation was most likely increased re
sulting in a positive lectin binding. Lines of evidence 
indicate that RCA-l binding and HAM 56 correlates 
with the phagocytosing activity of cells [2,4]. In the 
injured brain tissue phagocytosing activity is certainly 
required. In Fig. 4 (D-I), however, it is demonstrated 
that the shift of HAM 56/RCA-l- negative to HAM 
56/RCA-l-positive cells is also found in areas 
which were not directly affected by TBI. This shift did 
not correlate with the presence of disrupted axons. 
Thus, appearance of HAM 56 and RCA-I seems to 
be a generally characteristic marker of activation. 
Gehrmann [8] has shown in experimental inflamma
tion of the peripheral nervous system that microglia is 
activated throughout the entire CNS. 

The coexistence of several morphologies and 
immuno-phenotypes of microglia in the CNS is consis
tent with the numerous states of activation also found 
in peripheral macrophages [5] and would underline a 
functional and antigenic heterogeneity and plasticity 
as postulated by Gehrmann and Streit [6,9,12,24]. In 
agreement with other authors [1,9] we suppose that 
there must be specific control mechanisms involved in 
the axonal reaction and neuronal cell death which 
either prevent microglia from becoming macrophages 
or conversely, promote their differentiation into mac
rophages. That macro phages can be changed into 
microglial cells is still considered [23]. There are 
cytokines which may contribute to the regulation of 
the functional role of microglial cells such as y-inter-
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feron, interleukines, tumor necrosis factors, and some 
of the glial growth factors (for rev. see [20,21]). Yet, a 
definitive functional pattern and pathway of stimulat
ing and inhibiting factors influencing activity of 
microglial cells in phagocytosis has not emerged so far. 

Our results emphasize a delayed activation of 
microglial cells in TBI which is reflected by the ex
pression of HAM 56 not earlier than 72 hours post 
injury. This delay does not correspond to microglial 
activation in experimental cerebral ischemia [1,6,9]. In 
these experiments microglial cells developed cytotoxic 
activity within 24 hours. Further investigation might 
elucidate whether or not the delayed activation of 
microglia can be used as a therapeutical window to 
reduce secondary brain damage from head injury. 
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Summary 

There is increasing evidence of a link between head injury and the 
subsequent onset of Alzheimer's disease. Deposits of amyloid f3-
protein (Af3) are found not only in cases of dementia pugilistica but in 
some 30 % of patients dying after a single episode of severe head 
injury. Detailed clinicopathological studies have shown that Af3 
deposition is most likely, but not exclusively, to occur, the older the 
patient at the time of injury, and if the injury is the result of a fall. 
Distribution studies have shown that the Af3 is widely deposited in 
the neocortex and there is no apparent association with any of the 
multiple primary or secondary pathologies of traumatic brain injury. 
There is an increased expression of f3-APP particularly in the pre-a 
cells of the entorhinal cortex and in areas of axonal damage. Recent 
molecular genetic studies have shown that there is a strong associa
tion between deposits of Af3 and the apolipoprotein E genotype of the 
individual. 

Keywords: Head injury; f3-APP expression; deposition of Af3. 

Introduction 

In 1993 we reviewed the epidemiological and neuro
pathological evidence that provided a link between a 
history of head injury and the subsequent development 
of Alzheimer's disease [11]. We hypothesised that, like 
other environmental precipitants of Alzheimer's dis
ease, trauma probably acts through a variety of mecha
nisms that result in the overexpression of {3-amyloid 
precursor protein (f3-APP) and ultimately the deposi
tion of A{3. In the last few years this hypothesis has 
been tested by undertaking additional studies. How
ever, before reviewing this recent work it would be 
appropriate to summarise some of the evidence that 
links a previous history of head injury with Alzheimer's 
disease. 

Background 

Head injury is an epidemiological risk factor for 
Alzheimer's disease [22,23,25]. From such studies it has 
been variously estimated that head injury plays a role 
in some 2-20 % of cases of the disease. Although sug
gestive these data are essentially circumstantial 
whereas considerable support for the hypothesis has 
been derived from a demonstration of Alzheimer-like 
pathology in the brains of boxers with dementia 
pugilistica apparently as a long term consequence of 
repeated blows to the head [33]. Dementia pugilistica is 
characterised neuropathologically by a cavum septum, 
loss of nerve cells, including depigmentation of the 
substantia nigra, scarring of the cerebellum, and 
widely distributed neurofibrillary tangle formation 
in the cortex [9]. Dementia pugilistica was always 
regarded as a separate diagnostic entity from 
Alzheimer's disease but the demonstration that large 
numbers of diffuse plaques composed of Af3 are pre
sent in the brains of boxers with dementia pugilistica 
raised the possibility that repeated blows to the head 
could trigger the deposition of A{3 in the brains of 
certain susceptible individuals [6,33,34]. Such evidence 
therefore strongly supported the view that Alzheimer
like pathology might develop in long term survivors 
after head injury. Pertinent questions therefore are 
how often and how quickly can these changes occur 
after head injury, what is the distribution of these 
changes, what may be the underlying metabolic ab
normality, and is it possible to identify a susceptible 
population? 
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Amyloid ~-Protein Deposition in the Brain 

After Severe Head Injury 

In an earlier study of 16 patients aged 10-63 years 
who sustained head injury and survived for only 6-18 
days, we showed using an antibody to Af3 extensive 
deposits of the protein in the cortex in 6 of the 16 
patients - 38 % [35]. An even larger frequency (50 %) 

was found by Huber et al. [18]. Criticism of these 
findings suggested that the observations in these pa
tients with severe head injury might be an artefact 
related either to the age of the patients or to an accu
mulation of Af3 containing macrophages surrounding 
the vascular lesions found in these patients. In order to 
test our hypothesis further that head injury can trigger 
Af3 deposition in the cortex we examined multiple 
cortical areas from 152 patients with an age range of 8 
weeks to 81 years after a single episode of severe head 
injury with a survival time of between 4 hours and 2.5 
years. The series was compared with a group of 44 
neurologically normal controls aged 51-80 years. 
Immunostaining using the same specific antibody of 
Af3, confirmed the original finding that about 30 Oil) of 
cases of head injury have deposits of Af3 in one or more 
cortical areas and that such deposits could occur in 
patients as young as 10 years of age and with a survival 
time as short as 4 hours. Comparison of the rates of 
occurrence of multiple clinical features in the two 
groups showed that of the multiple variables studied 
there were only two statistically associated with the 
deposition of Af3; first that the deposition of Af3 was 
more likely in patients over the age of 50 years with 
head injury compared with the age and sex matched 
controls (p < 0.01) and that the deposition of Af3 was 
more likely to be present in those patients who had 
been injured in a fall than those without (p < 0.02). The 
exact nature of these associations is not known but it is 
clearly of considerable interest in relation to the clinical 
outcome of patients after severe head injury [36]. 

What is the Distribution of AJ3 Protein 
and Its Relationships to the Other Pathologies 
in the Brain Following Severe Head Injury? 

In this study the distribution of Af3 was mapped in 14 
patients aged 65 years or less and in whom it was 
known that the protein had been deposited after head 
injury and correlated with the various pathologies of 
traumatic brain injury. For this purpose immunohis
tochemistry was carried out on 44 representative areas 
of the cerebral and the cerebellar hemispheres and the 
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brain stem. Contiguous blocks were taken from the left 

and right cerebral hemispheres at the level of the pre

frontal lobes, the temporal lobes at their anterior, mid, 
and posterior extents and the occipital lobes. All sec
tions were pretreated with 80 % formic acid for eight 
minutes, then incubated overnight with a monoclonal 
antibody to residues 8-17 of Af3 (Dako Limited, UK) 
at a dilution of I in 1,000. The sections were examined 
"blind" and all the histological abnormalities were 
recorded on a series of diagrams. This study showed 
that Af3 is widely distributed throughout the neocortex 
and that there is no correlation between its presence 
and that of cerebral contusions, intracranial haem a
tom a, axonal injury, ischaemic brain damage, brain 
swelling or the pathology of raised intracranial pres
sure. 

Although the amounts of Af3 deposited differed from 
case to case the pattern of deposition was constant in so 
far as it was widely distributed in grey matter but not in 
white matter. Furthermore, the Af3 deposits were usu
ally bilateral and in the cortex there were equal 
amounts deposited in the cortex of the frontal, tempo
ral, parietal and occipital lobes although Af3 was found 
more commonly in the cortex of the insula than else
where. Deposition appeared to be at random being 
present equally throughout the cortex of the cerebral 
hemispheres and without any accentuation or 
localisation that could be accounted for by various 
functionally related anatomical pathways. In contrast 
to the cortex, deposits were found much less commonly 
in the basal ganglia, hypothalamus and thalamus' 
rarely was it found in the globus pallidus [15]. ' 

It has been shown in the brains of patients with 
Downs Syndrome (trisomy 21) and in the early stages 
of Alzheimer's disease that the earliest pathological 
changes, including the deposition of Af3, are to be 
found in the medial parts of the temporal lobes [3]. 
As already noted the deposition of Af3 is widely 
distributed and although present throughout the lim
bic system is also present in many other brain areas. If 
head injury is indeed a risk factor for the subsequent 
development of Alzheimer's disease then presumably, 
with increased survival, the processes by which Af3 is 
deposited are down regulated in brain areas other than 
within the limbic system. 

What is the Source of the ~-Amyloid ~-Protein? 

Increases in neuronal f3-APP immunoreactivity are 
readily detectable in the temporal lobes of patients with 
Downs syndrome, Alzheimer's disease and epilepsy 
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[43]. No case in our series of head injury was found to 
have Af3 deposition in the absence of increased f3-APP 
immunoreactivity. We therefore hypothesise that 
whereas Af3 deposition is contingent on increased 
amounts of neuronal f3-APP it is by no means an 
inevitable consequence. On this basis we have hypo
thesised that an increase in f3-APP, might enhance the 
production of Af3, lead to the deposition of diffuse Af3 
plaques and thus set the scene for the pathogenesis of 
Alzheimer's disease. In order to test this hypothesis we 
quantified using computerised imaging analysis the 
numbers of f3-APP immunoreactive pre-alpha neurons 
(layers 2 of the entorhinal cortex) of 13 patients aged 
between 16 and 77 years who died within 28 days of a 
head injury, and compared them to 17 controls aged 
between 11 and 84 years who died as a result of a 
variety of conditions [24]. This study revealed a signifi
cant increase in the number of f3-APP immunoreactive 
pre-alpha cells in the entorhinal cortex of patients who 
had died as a result of the head injury. These findings 
were consistent with our previous results [36] and with 
the observations of others reporting upregulation of 
f3-APP expression in animal models of head injury 
[1,31,38,49]. This upregulation of f3-APP might repre
sent a normal protective response to neuronal stress or 
injury. However, failure subsequently to downregulate 
f3-APP expression might lead to what is otherwise a 
normal restorative process becoming one that triggers 
a cascade that culminates in the neuropathology of 
Alzheimer's disease, by the overproduction or sus
tained production of f3-APP which in turn may result in 
an increase in the amyloidogenic processing of f3-APP 
a subsequent increase in Af3 and the deposition of Af3 in 
plaques. If such a cascade exists then an initial increase 
of f3-APP production may be critical to the subsequent 
development of Alzheimer-type pathology. 

What are the Possible Mechanisms 
Whereby the Upregulation of J3-APP 
May Result in Alzheimer-Type Pathology? 

There is increasing evidence that the expression of 13-
APP is a component of the brains' acute phase re
sponse to injury. In the central nervous system 
interleukin 1 (IL-l) is synthesised and secreted by 
microglia. Although IL-l may contribute to repair 
functions as it activates astrocytes which release 
neurotrophic factors, such as the astrocytic cytokine 
S 1 0013 [21,26], excessive microglial expression of IL-l 
has been implicated in the pathogenesis of Alzheimer's 
disease [17,37,45,52]. Given that IL-l in vitro can 
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induce the expression of f3-APP [14] and the processing 
of f3-APP via the secretory cleavage pathway [4] it was 
decided to study the involvement of activated 
microglia and IL-I in the early stages following head 
injury. Seven patients aged between 23 and 65 years 
dying within 12 hours to 10 days following head injury 
and an equal number of suitably aged sex matched 
controls were studied. Using a double immunohis
tochemicallabelling technique to localise IL-l a and 13-
APP in sections from the medial temporal lobe 
including the hippocampus, it was found that the num
ber of activated microglia expressing this cytokine was 
increased along with their immunoreactive intensity. 
These changes were found throughout the medial part 
of the temporal lobe and were unrelated to other pa
thologies and this increased microglial IL-la expres
sion correlated both spatially and quantitatively with 
elevated f3-APP expression by neurons and neurites. 
These findings are reminiscent of the changes found in 
Alzheimer's disease and suggested that the develop
ment of neuritic plaques and of Alzheimer's disease in 
long term survivors of head injury may be related to 
microglial IL-la promotion of neurite growth and 
neuritic f3-APP expression after head injury. The abil
ity ofIL-l to induce excessive expression and stimulate 
processing of f3-APP suggested that induced expression 
of IL-l and f3-APP may be linked, and in fact that the 
elevated levels of IL-l a may be directly responsible for 
the increased amounts of f3-APP in neurons of head
injured patients. Moreover chronic overexpression of 
IL-l may explain the long term increase in f3-APP and 
its processing that may give rise to the later develop
ment of Alzheimer's disease. 

These findings are consistent with the hypothesis 
that there is a threshold of prolonged acute phase 
activation beyond which IL-l is chronically elevated 
thus promoting a self sustaining and pathological posi
tive feedback loop. If early events such as head injury 
precipitate Alzheimer's disease a potent acute phase 
molecule is necessarily involved in such a circle and we 
propose that IL-l is such a molecule and that chroni
cally elevated levels of the protein ultimately lead to 
neurodegenerative changes [17]. 

Is There a Genetic Susceptibility 
to the Effects of a Head Injury? 

The fact that the deposition of Af3 is found in only 
30 % of patients following fatal head injury suggests 
that there may be a genetic susceptibility to the effects 
of head injury. Some genetic abnormalities are caus-
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ative for Alzheimer's disease, the most common of 
which is Downs Syndrome with trisomy 21 [48]. Much 
less common are mutations in the J3-APP gene encoded 
on chromosome 21 [12,13,19]. It is a mismetabolism of 
this protein which gives rise to the AJ3 found in the 
diffuse plaques. Recently abnormalities on chromo
some 14 [40] and chromosome 19 [30] have been linked 
to certain cases of familial Alzheimer's disease [51]. 

The gene for apolipoprotein E (ApoE) located on 
the long arm of chromosome 19, has been linked with 
Alzheimer's disease [30,41]. Further confirmation was 
obtained by Corder et al. [7] who showed that the 84 
allele of ApoE was approximately 50 % in patients 
with late onset of Alzheimer's disease compared with 
15 % of controls. The association between ApoE and 
Alzheimer's disease has now been confirmed for both 
sporadic and familial cases [5,8,39,41,49] and there are 
now reports that early onset disease is also associated 
with an even higher frequency of the 84 allele 
[10,29,53]. 

Given this, and the observation that head injury can 
trigger Alzheimer-like pathology, we decided to inves
tigate whether this environmental event would show an 
association or interaction with known genetic risk fac
tors for Alzheimer's disease. Such an association could 
explain why AJ3 deposition occurs in only some 30 % 
following head injury. ApoE genotype was determined 
on formalin fixed paraffin embedded tissue prepared 
for the polymerase chain reaction on 90 patients who 
died within 2 weeks of a head injury. Of the 23 cases in 
whom AJ3 diffuse plaques were identified, the fre
quency of ApoE 84 was 0.52 compared with 0.16 for 
those patients without AJ3 deposits (P < 0.0001). 
Stratification of the results by patient age confirmed 
that the relationship between ApoE84 and Af3 deposi
tion held for those under 60 years of age, below which 
age Af3 deposits were not seen in controls who had not 
had a head injury. Such a relationship also held when 
the head-injured patients under the age of 50 years 
were considered as a separate group, the ApoE84 fre
quency being 0.39 compared with 0.18 for the Af3 
absent cases. Furthermore, there was a gene dose 
effect, the proportion of head-injured patients with AJ3 
deposits increasing with the number of Ap084 alleles 
from 10 % for those without an 84 allele to 35 °lr) for 
those with one E4 allele to 100 % for EE4 homozygotes 
[28]. These results support the contention that ApoE 
isoform E4 or alternatively absence of isoforms E2 and 
E3 influencesf3APP/AJ3 metabolism in such a way as to 
augment the formation of Af3. Our findings indicate 
that this overexpression is considerably more likely to 
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result in deposition of AJ3 in those individuals possess
ing an ApoE 84 allele: 45 % of those with one or more 
84 alleles are AJ3 positive compared with 10 % of those 
with no 84 allele. Recent epidemiological data from the 
study of risk factors in patients with Alzheimer's dis
ease suggests that there is a powerful synergistic inter
action between possession of ApoE84 and the effects of 
a head injury [23]. 

Discussion 

Since our original study [35] we have not only repli
cated but also extended the original finding that depos
its of AJ3 are present in the brains of about 30 % of 
patients dying after a single episode of severe head 
injury and that diffuse deposits of Af3 may occur in 
young patients within a matter of a few hours of the 
injury. However, there is an effect of age in that the 
older the patient at the time of head injury the greater 
is the likelihood that Af3 will be deposited in the brain. 
We have argued that a preponderance of diffuse 
plaques such as that seen in the cortex in dementia 
pugilistica might indicate a long term consequence of 
head injury [6] and by extrapolation it has also been 
suggested that a large ratio of diffuse to classic plaques 
might indicate an environmental trigger to the 
Alzheimer's disease process. It has been assumed previ
ously that the process of Af3 deposition and subsequent 
plaque formation that characterises Alzheimer's dis
ease is a gradual one, but our observations would 
suggest that this need not necessarily be so, and that Af3 
deposition can occur within hours of head injury. 

When taken in conjunction with the data from ani
mal studies [20,27,31,32,42], our studies in fatal human 
head injury suggest that the induction of f3-APP 751/ 
770 in the brain is a normal response to neuronal stress 
and that in some 30 % of the head-injured patients 
there is deposition of Af3 in individuals whose suscepti
bility is closely associated with apolipoprotein E geno
type. Both the genetic and immunohistological studies 
in head injury reinforce the point that whatever the 
cause of Alzheimer's disease the overexpression and 
abnormal metabolism J3-APP and consequent deposi
tion of Af3 is an essential event in the pathogenesis and 
evolution of the disease. The mechanism by which this 
acute phase response is perpetuated into a cascade that 
ultimately terminates in Alzheimer's disease is not 
clear, although, evidence is accumulating in Downs 
Syndrome, Alzheimer's disease, head injury and epi
lepsy to suggest that the process is related to the activa
tion of microglia and the induction of IL-l cytokine. 
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Evidence of irreversible ischaemic brain damage is 
present in over 90 % of fatal head injuries [16]. Al
though the mechanisms of this ischaemic brain damage 
are complex it is likely that the excitatory amino acids 
glutamate and aspartate playa central role in receptor 
mediated neuronal damage. In vivo microdialysis stud
ies of brain injury in both man and experimental ani
mals have shown a large transient increase in various 
excitatory amino acids which in turn trigger a cascade 
of molecular events including the increased expression 
of J3-APP and possible irreversible ischaemic brain 
damage. It was therefore surprising that an association 
between hypoxia/ischaemia and the deposition of AJ3 
was not found in a large group of patients dying after 
head injury [36]. 

That changes in cerebral perfusion pressure might be 
a risk factor for the development of plaques in non
demented subjects with critical coronary artery disease 
compared to non heart disease controls was reported 
by Sparks et al. [44]. The increased numbers of plaques 
were found in the arterial boundary zones and it was 
suggested that their localisation was a product offluc
tuations in the cerebral perfusion pressure as a result of 
cerebral oligaemia induced by coronary artery disease. 
Epidemiological evidence has also suggested that there 
is an increased risk of dementia after stroke [2,46]. In 
this study it was concluded that ischaemic stroke in 
elderly patients increases the long term risk of develop
ing dementia by approximately five fold. 

Several population studies have shown that ApoE 
polymorphism contributes to variations in plasma 
lipid and lipoprotein concentrations and that s4 allele 
bearing subjects consistently have higher total low 
density lipoprotein cholesterol levels [50]. The s4 allele 
predisposes to coronary artery disease and probably by 
analogy also to cerebrovascular disease. In a study of 
187 patients with a probable or possible clinical diag
nosis of various forms of dementia and in 156 
autopsied patients with dementia it was concluded that 
ApoE is a major risk factor for Alzheimer's disease 
alone or in conjunction with other pathologies. The 
situation with patients who had had a stroke therefore 
seems analogous to patients dying from head injury in 
that when either of these two diseases occurs in an 
individual with an s4 allele there is an increased risk of 
subsequent development of Alzheimer's disease. 

Conclusions 

The deposition of Amyloid J3-protein in the brain 
plays a key role in the pathogenesis of Alzheimer's 
disease. Head injury is an epidemiological risk factor 
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for Alzheimer's disease and deposition of AJ3 occurs in 
the brain of about 30 (Yo of fatal head injuries. The 
frequency of ApoEs4 in the AJ3 positive cases of fatal 
head injury is higher than in most studies of 
Alzheimer's disease. This finding provides further evi
dence linking ApoEs4 with AJ3 deposition in vivo and 
suggests that known environmental and genetic risk 
factors for Alzheimer's disease may act additively. 
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Summary 

Studies of retrograde changes in axotomized motoneurons have 
revealed fundamental changes in morphology, metabolism and 
physiology of these cells. Restructuring of the granular endoplasmic 
reticulum, s.c. chromatolysis, seems to be the basis for increased and 
modified protein synthesis. While cytoskeletal proteins with the ex
ception of the neurofilament triplet go up, enzymes and receptors 
related to neurotransmission go down and new growth associated 
proteins appear. There is an enhanced glucose uptake and iron 
metabolism. Complex changes in axonal transport have been ob
served. This may reflect the efforts of the regenerating nerve cell to 
compensate for its lost axon. 

Keywords: Facial nucleus; glia; immediate early genes; growth 
factors. 

Immediate Early Genes 

Facial motoneurons respond with a number of mo
lecular changes to peripheral transection of the facial 
nerve. In order to obtain insight into the transcrip
tional regulation during neuronal regeneration the ex
pression of a number of immediate early genes (lEGs) 
was investigated after facial nerve lesion [4]. Some 
lEGs (such as c-fos, c-jun or jun B) are known to 
regulate gene expression. Quantitative Northern blot 
analysis covering a post-operative time course of 
hours, days and weeks revealed that axotomy produces 
a unique pattern ofIEG induction in the facial nucleus, 
characterized by a long-term increase of the respective 
mRNAs. c-Jun and jun B RNAs, also present in low 
amounts in the un operated nucleus, were strongly in
duced after injury. The increase of jun Band c-jun 
mRNA levels was detectable at 5 hours and these levels 
were maintained up to eight days after axotomy. c-Fos, 
however, known to act in concert with c-jun in other 
systems, was not expressed at basal levels in the 
unoperated nucleus, nor was c-fos mRNA induced by 

axotomy at all time points studied. Two members of 
the TIS family of immediate early genes, TIS 7 and TIS 
11 mRNA, however, were detectable at low levels in 
normal facial nucleus. TIS 7 mRNA levels were 
unaffected by lesions, whereas TIS 11 mRNA levels 
were increased in a similar fashion as c-jun and jun B 
with an early rise at 5 h that lasted until day eight. With 
regard to the cellular distribution of these lEGs in situ 
hybridization histochemistry revealed that these 
mRNAs were present at basal levels in motoneurons 
and were exclusively induced in these cells in response 
to axotomy. Jun B mRNA, however, seemed to be 
present in motoneurons and glial cells under normal 
condition and after lesion; jun B therefore could be 
involved in the transcriptional regulation of both cell 
types. 

Calcitonin Gene-Related Peptide (CGRP), 
a Putative Signal in Regeneration 

Neuronal injury leads not only to changes in the 
neurons themselves but also in non-neuronal cells in 
their vicinity. Lesion of the facial nerve, for instance, 
results in a response of both astrocytes and microglia 
around the neuronal cell bodies in the facial nucleus. 
These glial responses have been known for some time, 
little information has been available on the signals that 
mediate neuron-glial communication after neuronal 
injury and during regeneration. Various classes of sub
stances might be considered to be candidates as mes
sengers mediating intercellular communication during 
regeneration including growth factors, cytokines and 
neuropeptides. Recent evidence suggests that calcito
nin gene-related peptide (CGRP), a 37 amino acid 
neuropeptide, might play a role in this context [2]. 
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After facial nerve transection, increases in CGRP im
munoreactivity and CGRP mRNA are observed in 
facial motoneurons as early as 15 h after axotomy. 
Approximately 50 % of the facial nucleus motoneu
rons responded with an increase in CGRP mRNA as 
judged by in situ hybridisation histochemistry. Further 
analysis revealed a biphasic pattern of the CGRP in
crease with a first peak around day 3 and a second peak 
at day 21 after facial nerve transection. An increase in 
the biosynthesis of CGRP therefore occurs in response 
to motoneuron injury. In contrast, sciatic nerve tran
section led to a decrease in CGRP levels and CGRP 
mRNA in the dorsal root ganglion. Thus CGRP syn
thesis is differentially regulated in motor and sensory 
neurons in response to injury. 

The early and dramatic increase of CGRP in injured 
facial motoneurons is one of the first observations 
concerning an increase in a putative intercellular mes
senger during nerve regeneration. Thus this peptide 
might playa role in the cellular reactions accompany
ing neuronal regeneration. In vitro studies demon
strated that CGRP has several effects on cultured 
astrocytes. Addition of CGRP to cultures of astrocytes 
from neonatal rat brain led to a change in morphology, 
flat polyglonal cells taking on a multipolar form with 
many processes. In addition, a stimulation of cyclic 
AMP accumulation was observed in these cells in re
sponse to CGRP indicating the presence of receptors 

Table I. Mechanisms elicited in Regenerating Neurons o/the Spinal 
Cord or Medulla in Response to Axonal Injury 

1. Synaptic changes 
- .. Shedding of presynaptic boutons from soma and stem dendrites 

(synaptic stripping by microglia) 
- Insulation ofmotoneurons by astrogliallamellae (chronic) 
- Retraction of dendrites leading to a reduction of the dendritic 

field by ca 24 - 34 % 
- Budding and sprouting of pathological dendraxons from neu

ronal soma and dendrites 

2. Biochemical changes 
- Increase in glucose consumption 
- Increase in NO synthase 
- Increase in tubulin and actin 
- Decrease in neurofilament proteins 
- Enzymes of the neurotransmitter synthesis or degradation are 

down regulated (CAT, AChE) 
- Receptors for neurotransmitters are down regulated 
- Neuropeptides show changes (CGRP increase) 

3. Changes in neurotrophic factors, growth associated proteins and 
their receptors 
- CNTF 
- NGF 
- Transferrin receptor 
- PDGF 

G. W. Kreutzberg 

for the peptide on astrocytes. An action ofCGRP also 
at the transcriptional level in astrocytes was indicated 
by a rapid and strong induction of the c-fos proto~ 
oncogene. These data indicate the ability of cultured 
astrocytes to respond to CGRP and thus open the 
possibility of a role for this peptide as mediator of 
neuron-glial interaction during neuronal regeneration. 

CNTF, a Survival Factor for Lesioned Neurons 

The response of nerve cell bodies to axonal injury is 
aimed at regeneration. However, in some systems, e.g. 
the vagal motor nucleus, or at some developmental 
stages, e.g. in the newborn, axotomized motoneurons 
degenerate. In a previous in vivo study it has been 
demonstrated that cell death of facial motoneurons 
can be prevented in newborn rats by CNTF, the ciliary 
neurotrophic factor. The factor was applied locally to 
the lesioned nerve in a piece of soaked foam. On the 
untreated side 80 % of the axotomized neurons showed 
severe retrograde changes and died within one week. 
Treatment with CNTF prevented neuronal death 
and suppressed chromatolysis, i.e. the motoneurons 
showed normal morphology [10]. The postnatal vul
nerability of motoneurons is probably due to a lack of 
physiological CNTF production in the lesioned nerve. 
In contrast, Schwann cells of the adult peripheral nerve 
synthesize sufficient CNTF to keep motoneurons alive 
when axotomized. For the motoneuron CNTF is the 
first survival and lesion factor demonstrated in vivo. 

Growth Factor Receptors 

Interesting molecular changes with regard to growth 
factor receptors occur at the site oflesion in the periph
eral nerve [9]. There is an early induction of specific 
PDGF-receptor on fibroblast-like cells. Initially a sym
metrical appearance of PDGF-R is seen in the proxi
mal and distal stump. Within 2 d p.op. receptor binding 
spreads throughout the distal stump. NGF-receptors 
show an early accumulation in the cut axons suggesting 
an axonal transport. The accumulation of NGF-R 
sites at later states is related to Schwann cells which are 
likely to become the extraneuronal source for NGF-R. 

NGF is a well known neurotrophic factor for sen
sory and sympathetic neurons. It is produced in their 
target tissues, bound and taken up by NGF receptor
bearing sensory and sympathetic axon terminals and 
then transported retrogradely as a NGF-NGFR com
plex to their perikarya where it exerts its trophic func
tion. We have studied changes in this axonal transport 
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of endogeneous NGF, NGFR and NGFR saturation 

(NGF/NGFR) following axotomy and during regen
eration of the rat sciatic nerve using NGF-ELISA and 
quantitative in situ NGFR autoradiography. 

The retrograde transport of NGF decreased dra
matically to 10 % of the normal levels one day after 
axotomy but then returned to a stable plateau of 
30- 37 % on day 3- 13. The retrograde transport of 
NGFR decreased more gradually, reaching a similar 
plateau of approximately 40 % 3- 13 days post op. 
Starting with day 21 the axonal transport of both 
endogeneous NGF and its receptor gradually in
creased, reaching normal levels at day 45. Interest
ingly, the NGFR saturation dropped precipitously 
to 15 % of the normal values 1 day p. op. but then 
rapidly recovered to normal levels (70-130 %) during 
the whole course of nerve regeneration. This normal 
NGFR saturation suggests that the endoneurium of 
the regenerating sciatic nerve provides the regenerating 
axons with NGF levels very similar to those in the 
normal peripheral target tissues. Despite this apparent 
ability of the axotomized endoneurium to replace the 
periphery, there is a 3-fold reduction in the axonal 
transport ofNGF due primarily to the strong decrease 
in the neuronal sensitivity to the neurotrophic effects of 
NGF during regeneration. 

Glial Reactions Accompanying Neuronal Response 

Studies of the cellular reactions occurring in the 
facial nucleus following peripheral nerve transection 
have revealed microglia and astrocyte activation in a 
graded fashion [6]. In this remote lesion model the 
blood brain barrier is untouched. Thus, hematogenous 
cells are not invading this brain stem nucleus. 
Microglia, but not astrocytes undergo mitosis. They 
are or become positive for several markers, e.g. 
enzymes, lectins and immunomolecules. Within days 
motoneurons are covered by microglia and the presyn
aptic terminals are stripped from the soma and 
the stem dendrites. Such reactive microglia cells 
develop a cytoskeleton rich in vimentin. They can 
be stained by the lectin GSA 1-B4 and show strong 
5'-nucleotidase activity. Although the retrograde reac
tion is produced by a sterile lesion microglia express a 
number of immunomolecules, e.g. the complement re
ceptor and MHC antigens class I and occasionally 
class II (Ia). A number of mono cytel macrophage anti
gens were absent from resting and activated microglia, 
e.g. ED-2. 
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Transformation of microglial cells from a quiescent 
or resting state to an activated state occurs within 
hours after injury. MUC 102, an antibody recognizing 
microglia and brain macro phages is a very sensitive 
marker of this activation [3], as is the amyloid precur
sor protein L-APP and the complement receptor 
CR3bi (Ox 42). 

By experimental manipulation leading to retrograde 
nerve cell destruction microglia develop into brain 
macrophages with neuronophagic activity [1]. In the 
toxic ricin paradigm the nature of these microglia de
rived brain macrophages has been shown to be 
different from common blood-borne macrophages. 

The repertoire of regulation of significant immuno
molecules in activated microglia is not specifically 
related to regeneration only. In contrast, regulation 
seems to be essentially the same in all cases of 
microglial activation, whether occurring in trauma, 
ischemia, inflammation, autoimmune diseases, intoxi
cation or even cortical spreading depression. The 
microglia seems to act as a multi-purpose defence cell 
of the parenchyma. It is activated quickly and aug
mented by mitosis, is an antigen presenting cell, has 
cytotoxic potential, is mobile and responsive to inter
cellular communication molecules and to changes 
in the ionic milieu and finally can become a brain 
macrophage [1,6,7]. During the axotomy response in 
the facial nucleus astrocytes become reactive, show 

Fig. I. 30 dafter axotomy a facial motoneuron (N) exhibits a hyper
trophic Nissl body with wide cisternae and a great number of ribo
somes and polysomes. The neuron is covered by astroglial (Al 
processes. The large synaptic terminal (S) is separated from the 
neuron (synaptic stripping). Magnification I : 63000 



106 

enhanced GF AP synthesis and increased glial fila
ments and processes. They form lamellar stacks 
around the regenerating motoneurons insulating them 
from synaptic afferences and the proliferating peri
neuronal microglia (Fig. 1). Wrapping of neurons by 
astrogliallamellar stacks has been observed even after 
successful peripheral reinnervation, e.g. one year p.op 
[6]. Astrocytes could be the source of colony stimulat
ing factors (CSF) acting as mitogens for microglia 
which increasingly express CSF receptors [8]. 
Cytokines such as IL-6 and TGF-beta have also been 
demonstrated to increase in reactive glial cells during 
the axotomy response in the facial nucleus [5]. 

Some neurons, e.g. in the dorsal vagal nucleus of 
the guinea pig grow new pseudo-dendritic processes 
(dendraxons) out of the soma which tend to surround 
the neuronal cell bodies. From these observations it is 
concluded that the regeneration process imposes pro
found changes on the neurons with regard to their 
cellular and synaptic organisation. These changes may 
also explain deficits in fine motor control in patients 
suffering, e.g. from a facial nerve trauma. 
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Summary 

The 21-aminosteroid (Iazaroid) tirilazad mesylate has been dem
onstrated to be a potent inhibitor oflipid peroxidation and to reduce 
traumatic and ischemic damage in a number of experimental models. 
Currently, tirilazad is being actively investigated in Phase III clinical 
trials in head and spinal cord injury, ischemic stroke and subarach
noid hemorrhage. This compound acts in large part to protect the 
microvascular endothelium and consequently to maintain normal 
blood-brain barrier (BBB) permeability and cerebral blood flow 
autoregulatory mechanisms. However, due to its limited penetration 
into brain parenchyma, tirilazad has generally failed to affect delayed 
neuronal damage to the selectively vulnerable hippocampal CA I and 
striatal regions. Recently, we have discovered a new group of antioxi
dant compounds, the pyrrolopyrimidines, which possess signifi
cantly improved ability to penetrate the BBB and gain direct access to 
neural tissue. Several compounds in the series, such as U-IOI033E, 
have demonstrated greater ability to protect the CAl region in the 
gerbil transient forebrain ischemia model with a post-ischemic thera
peutic window of at least four hours. In addition, U-101033E has 
been found to reduce infarct size in the mouse permanent middle 
cerebral artery occlusion model in contrast to tirilazad which is 
minimally effective. These results suggest that antioxidant com
pounds with improved brain parenchymal penetration are better able 
to limit certain types of ischemic brain damage compared to those 
which are localized in the cerebral microvasculature. On the other 
hand, microvascularly-Iocalized agents like tirilazad appear to have 
better ability to limit BBB damage. 

Keywords: Antioxidant; tirilazad; pyrrolopyrimidine; ischemia. 

Introduction 

There is now a significant amount of information 
that supports a role of oxygen radical-induced lipid 
peroxidation (LP) in the pathophysiology of acute 
central nervous system injury and ischemia [4,7,20]. 
The 21-aminosteroid (lazaroid) tirilazad mesylate has 
been demonstrated to be a potent inhibitor of LP that 

acts by a combination of chemical radical scavenging 
and membrane stabilization mechanisms. It has been 
shown to reduce traumatic and ischemic damage in a 
number of experimental models, and a correlation 
has been demonstrated in several instances between 
attenuation of oxygen radical levels and/or lipid 
peroxidation and the neuroprotective effect (see review 
by Hall et at., [9]). Currently, tirilazad is being actively 
investigated in Phase III clinical trials in head and 
spinal cord injury, ischemic stroke and subarachnoid 
hemorrhage (SAH). Results from a multi-national 
European/Australian/New Zealand trial in SAH have 
demonstrated a highly significant reduction in 3 month 
mortality and improvement in the incidence of "Good" 
recovery (Glasgow Outcome Scale) in patients treated 
with tirilazad [II]. 

Tirilazad appears to act in large part on the mi
crovascular endothelium [1,16] and consequently has 
been shown to protect the blood-brain barrier (BBB), 
to maintain cerebral or spinal cord blood flow auto
regulatory mechanisms and/or to reduce delayed 
vasospasm in multiple models [9]. Therefore, its' ability 
to protect neural tissue from traumatic or ischemic 
insult in many models may be largely indirect. Indeed, 
tirilazad, most likely due to its limited penetration into 
brain parenchyma [19], has generally failed to affect 
delayed neuronal damage in the selectively vulnerable 
hippocampal CAl and striatal regions [2,5,12,21], 
although it has some effect to protect cortical neurons 
[12,21]. Moreover, in models of permanent focal 
ischemia where microvascular effects may be less im
portant than in temporary ischemia paradigms, the 
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Fig. 1. Chemical structures of the 21-aminosteroid or lazaroid 
tirilazad mesylate (U-74006F) and selected pyrrolopyrimidines 

compound's ability to affect infarct size, while demon
strated in some experiments [3,15], has been inconsis
tent [22]. 

Thus, we reasoned that lipid peroxidation-inhibiting 
(antioxidant) compounds with improved brain pen
etration might possess certain advantages over the 
microvascularly-localized tirilazad in certain CNS in
jury situations. Recently, we have discovered a new 
group of compounds, the pyrrolopyrimidines (Fig. 1), 
which are equal or better antioxidants than tirilazad, 
but with significantly improved ability to penetrate the 
BBB and gain direct access to neural tissue. Several 
compounds in the series, including U-I01033E, have 
demonstrated greater ability than tirilazad to protect 
the CAl region in the gerbil forebrain ischemia model 
with a post-ischemic therapeutic window of at least 
four hours. In addition, U-101033E has been found to 
reduce infarct size in the mouse permanent middle 
cerebral artery occlusion model in contrast to tirilazad 
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which is inactive. On the other hand, microvascularly
localized agents like tirilazad appear to have better 
ability to limit BBB damage after experimental SAH. 

Structural Comparison of Tirilazad Mesylate 
and the Pyrrolopyrimidines 

Figure 1 displays the chemical structures of tirila
zad mesylate and three of the pyrrolopyrimidines, 
U-87663E (the original prototype), U-89843D and 
U-101033E*. Tirilazad is a non-glucocorticoid 21-
amino steroid or "lazaroid". The primary chemical an
tioxidant portion of the molecule is the amino moiety 
bound to the 21 position of the steroid side chain. 
Physicochemical studies indicate that the highly lipo
philic (i.e. hydrophobic) steroid moiety orients itself 
within the hydrophobic fatty acid core of the mem
brane and is largely responsible for the high affinity of 
the compound for cell (e.g. endothelium) membranes 
[9,19]. The more hydrophilic amino substitution exists 
closer to the surface in juxtaposition to the phosphate 
head groups of the phospholipids. In contrast, the 
pyrrolopyrimidines lack the highly lipophilic steroid 
moiety, while bearing some structural resemblance to 
the bispyrrolidinylpyrimidinyl piperazine 21-amino 
substitution of tirilazad. The lack of the steroid serves 
to lessen the high affinity for and retention in lipid 
bilayers (T. J. Raub and G. A. Sawada, unpublished 
results). 

Comparison of Inhibition of Iron-Dependent Lipid 
Peroxidative Neuronal Injury 

Table 1 shows the ICsos and maximum % protection 
of cultured fetal mouse spinal neurons from iron 
(200IlM ferrous ammonium sulfate)-induced lipid 
peroxidative injury (system described in detail else
where, 8) by tirilazad in comparison to the pyrro
lopyrimidines. Protection was measured in terms of 
preservation of amino acid uptake (i.e. uptake of 3H
amino isobutyric acid). As seen, the pyrrolopyrimi
dines are generally more potent and slightly more 
efficacious in this in vitro model. However, with both 
types of compounds, a correlation has been demon
strated between preservation of amino acid uptake and 
attenuation of iron-induced lipid peroxidation (data 
not shown). 

* The suffix letters indicate the salt form of the compound. Different salts were sometimes studied such as A = hydrochloride, D = sulfuric or 
E = methane sulfonate. Thus, suffix letters may vary below. 
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Table I. Comparison of the Potency and Efficacy of U-74006F and 
Selected Pyrrolopyrimidines with Regard: to Protection Against Lipid 
Peroxidative Impairment of Viability (i.e. Attenuation of 3H-AIB 
Uptake) in Cultured Fetal Mouse Spinal Neurons by 200 J,lM Ferrous 
Ammonium Sulfate Application for 40 min. See ref. [8] for detailed 
methods 

Compound ICso(J,lM) Maxim urn protection 
(% of control) 

U-74006P 5.4--25.4 57.2-60.5 
U-87663E 1.3 100 
U-89843D 2.3 100 
U-IOI033E 1.1 75.8 

" Range from multiple trials. 

Table 2. Comparison of the Brain Levels of U-74006F and Selected 
Pyrrolopyrimidines at 5 or 60 min. After a 23 J,lM/kg ( Approx. 10 mg/ 
kg) i. v. Bolus. Mice were perfused with saline at sacrifice to eliminate 
contribution of blood to the measured levels 

Compound 5 min. 60 min. 
(nmoles/g) (nmoles/g) 

U-74006F(N=4) 3.8±1.6 2.9±0.5 
U-87663E (N = 2) l7.7±0.8" 6.7±2.6' 
U-89843E (N = 3) 12.1±0.8' 1.6±0.1 
U-101033E (N=3) 1O.7±2.0a 0.6±0.3 

Values = means ± standard error. 
a p < 0.05 compared to U-74006F at the same time point. 

Comparison of Brain Uptake 

The comparative brain uptake of tirilazad and the 
pyrrolopyrimidines in mice after i.v. administration of 
molar equivalent doses (approx. 10 mglkg) is shown 
in Table 2. Each of the pyrrolopyrimidines produced 
significantly higher brain levels at 5 min. after injection 
compared to tirilazad. For U-87663E, U-89843E and 
U-101033E, the brain levels at the initial time point 
were 4.7, 3.2 and 2.8x higher, respectively, than the 
levels of tirilazad. In the case of U-87663E, the brain 
levels were still 2.3x higher than tirilazad at 60 min. 
post-injection. It is also clear that the brain levels seem 
to fall off faster for the pyrrolopyrimidines as a further 
reflection of their greater membrane permeabilities 
(T. J. Raub and G. A. Sawada, unpublished results). In 
other words, they diffuse into the brain, and, in the 
absence of repeated dosing, they may diffuse out of the 
brain more quickly than tirilazad. 

We have also measured the brain uptake oftirilazad 
and selected pyrrolopyrimidines in rats in terms offirst 
pass extraction of radiolabeled compounds after intra
carotid injection (13). Using this technique, only 6 % of 
tirilazad is extracted which is not much better than the 
extraction of sucrose or thiourea to which the BBB is 
essentially nonpermeable (Fig. 2). In contrast, 83 % of 
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Fig. 2. Comparison of the brain uptake (first pass extraction) of 
U-74006F compared to the pyrrolopyrimidines U-87663E and 
U-89843A after an intra-carotid injection (Oldendorfmethod [13]). 
Values = means ± standard deviation for 3-27 animals/compound. 
Also compared are sucrose and thiourea which essentially do not 
penetrate the blood-brain barrier and butanol which is freely perme
able. U -785l7F is a 2-methylaminochroman antioxidant which pos
sesses the same amino group as U-74006F, but with the ring structure 
of vitamin E in place of the steroid moiety [8] 

the pyrrolopyrimidine U-87663E is extracted on the 
first pass through the cerebral circulation or 88 % ofU-
89843E. These extraction values are very near that 
measured for the freely BBB-diffusible butanol. Thus, 
these pyrrolopyrimidines appear to permeate the BBB 
quite readily. Indeed, other work has taken advantage 
of the intrinsic fluorescent properties of U-87663E to 
demonstrate unequivocally by fluorescence micros
copy that this prototype pyrrolopyrimidine efficiently 
penetrates the BBB in mice after i.v. dosing. Addition
ally, it concentrates in brain parenchyma and not in the 
cerebrovascular endothelium. Confocal laser micros
copy has also been used to show that U-87663E readily 
gains access to the intracellular space of cultured cells 
(T. J. Raub and G. A. Sawada, unpublished results). 

Comparison of Neuronal Protection 
in Transient Forebrain Ischemia 

As noted above, tirilazad mesylate has generally 
demonstrated only weak ability to attenuate selective 
hippocampal CAl vulnerability in models of transient 
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Fig. 3. Comparison of the ability of U-74006F and U-101033E to 
salvage hippocampal CAl neurons at 5 days after a 5 min episode of 
bilateral carotid occlusion in Mongolian gerbils. Values = means ± 
standard error for 10 animals/group. Gerbils were dosed with 30 mg/ 
kg per os pre-ischemia plus 2 hrs after reperfusion and once daily on 
days 2,3 and 4. Asterisk indicates p < 0.05 vs. the vehicle treated 
group 
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Fig. 4. Dose-response of U-101033E to salvage hippocampal CAl 
neurons at 5 days after a 5 min episode of bilateral carotid occlusion 
in Mongolian gerbils. Values = means ± standard error for 10 
animals/group. Gerbils were dosed with each dose level per os pre
ischemia plus 2 hrs after reperfusion and once daily on days 2,3 and 
4. Asterisk indicates p < 0.05 vs. the vehicle treated group. 

forebrain ischemia [2,5,12,15] perhaps due to its lim
ited BBB penetration in the context of models where 
BBB permeability is minimally compromised. Simi
larly Fig. 3 shows that preischemic oral treatment with 
tirilazad (plus additional post-ischemic dosing) has 
only a small effect on CAl neuronal preservation in the 
gerbil 5 min. forebrain ischemia model. In contrast, 
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Fig. 5. Therapeutic window ofU-101033E to salvage hippocampal 
CAl neurons at 5 days after a 5 min episode of bilateral carotid 
occlusion in Mongolians gerbils. Values = means ± standard error for 
10 animals/group. Gerbils were dosed beginning at each time point 
with 30 mg/kg per os plus 2 hrs later and on the subsequent days. 
Asterisk indicates p < 0.05 vs. the vehicle treated group 

oral pretreatment with the more BBB-permeable 
pyrrolopyrimidine U -101 033E produces twice as much 
CAl protection compared to tirilazad, reaching a level 
that is significantly greater than the CAl preservation 
observed in vehicle treated animals. Figure 4 shows the 
dose-response curve for the ability ofU-101033E pre
treatment to protect the CAl region. As seen, dose 
levels of 10 or 30 mg/kg are significantly effective, 
whereas doses as low as 1 and 3 mg/kg appear to have 
only some effect. 

Therapeutic Window in Transient 
Forebrain Ischemia 

Figure 5 displays the therapeutic window for the 
efficacy ofU-101033E with regard to CAl protection 
in the gerbil 5 min. forebrain ischemia model. As can be 
seen in this graph, the initiation of dosing 30 min. prior 
to ischemia (plus repeated post-ischemic dosing) is the 
most effective. However, a delay in dosing to 4 hr. after 
reperfusion still provides a statistically significant 
neuroprotective effect. 

Comparison of Infarct Reduction 
in Permanent Focal Ischemia 

The neuroprotective efficacy of tirilazad has also 
been compared to selected pyrrolopyrimidines in the 
context of focal ischemic models. For instance, both 
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Fig. 6. Comparison of the ability of U-74006F and U-IOI033E to 
reduce the 6 hr infarct size in male CF -I mice subjected to permanent 
unilateral occlusion of the right middle cerebral artery. The mice 
received one dose of compound i.v. at 5 min post-occlusion and a 
second dose at 1 hr Values = percent reduction in mean infarct 
volume (summation of 8 cross sections through the infarct) com
pared to a vehicle-treated group of animals. N = 8-13 animals/group. 
Asterisk indicates p < 0.05 vs. paired vehicle 

Table 3. Comparison of the Effects of U-74006F and Selected 
Pyrrolopyrimidines on the Neuronal Damage Indexa and Neutrophil 
Influxb in the Hippocampal CAl Region of Male Mongolian Gerbils 
Following 3 hrs of Unilateral Carotid Occlusion-Induced Hemispheric 
Ischemia and 12 hrs of Reperfusion. Gerbils received a 10 mg/kg i.p. 
dose of either vehicle or test compound at 10 min. prior to carotid 
occlusion and a second dose at the time of reperfusion 

Compound Neuronal damage Neutrophil 
index influx 

Vehicle (N = 16) 2.6±0.2 108.9±12.4 
U-74006F (N = 6) l.7±0.4' 25.9±1O.8' 
U-87663E (N = 7) 1.6±0.5' 55.3±12.6' 
U-89843A (N = 6) 1.7±0.3' 51.8±7.6' 

Values = means ± standard error. 
a 0 = no damage, 1=< 25 % loss of CAl neurons, 2 = 25-50 % loss, 3 
= 50-75 % loss and 4 = > 75 % loss. 
b Neutrophils/mm'. 
'p < 0.05 compared to vehicle. 

have been examined for their abilities to limit brain 
infarct volume in mice subjected to permanent middle 
cerebral artery (MCA) occlusion. Mice received two 
doses of test compound, one at 5 min. and a second 
at 60 min. post-occlusion. As observed in Fig. 6, U-
101033E potently reduces infarct volume by as much 
as 27 % at a dose of only 0.1 mg/kg (x2) i.v. In contrast, 
tirilazad at a dose of 3 mg/kg (x2) i.v., while having 
some effect, was not significant. In addition, U-87663E 
and U-89843A have also been found to be significantly 

III 

effective in the mouse permanent MCA occlusion 
model, while tirilazad (0.1-3.0 mg/kg x2) has shown 
only non-significant trends toward infarct reduction in 
repeated experiments (data not shown) . 

Comparison of Neuronal Protection 
and Attenuation of Neutrophil Invasion 
in Temporary Focal Ischemia 

Tirilazad and certain pyrrolopyrimidines have also 
been examined in a model of temporary focal ischemia, 
the gerbil 3 hr unilateral carotid occlusion paradigm 
[10], concerning their relative efficacy in decreasing 
12 hr post-reperfusion neuronal damage and neutro
phil influx. Table 3 indicates that in this model of 
temporary focal ischemia, the abilities of tirilazad 
and either of the pyrrolopyrimidines U-87663E or 
U-89843A to reduce post-ischemic necrosis to the 
hippocampal CAl region are approximately equal. All 
three decrease neuronal damage by 35-38 'Yo. Simi
larly, all three compounds tested significantly limit 
neutrophil influx, although the effect of tirilazad is 

. . 
more Impressive. 

Comparison of Preservation 
of BBB Integrity in Acute SAH 

The microvascularly-localized tirilazad and the 
brain-penetrable pyrrolopyrimidine U-87663E have 
also been compared in terms of their abilities to prevent 
BBB disruption in rats during the first 3 hrs after SAH 
when equivalently dosed (1 mg/kg i.v. x2). Figure 7 
illustrates that tirilazad outperforms U-87663E in this 
context. While the former produced a highly significant 
> 50 % attenuation of post-SAH Evans's blue extra
vasation, U-87663E produced only a modest effect. 

Discussion 

The present report describes a novel group of potent 
inhibitors of iron-dependent lipid peroxidation in the 
neural tissue, the pyrrolopyrimidines (e.g. U-87663E, 
U-89843D, U-101033E). They possess improved BBB 
permeability and brain parenchymal penetration com
pared to tirilazad which remains largely localized in the 
cerebral microvascular endothelium [9,19]. As a result, 
compounds like U-101033E are much better than 
tirilazad at attenuating selective neuronal damage in 
highly vulnerable regions, such as the CA 1 area of the 
hippocampus following a transient episode of fore
brain ischemia. Other supposedly brain penetrable an-
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Fig. 7. Comparison of the ability of U-74006F and the pyrro
lopyrimidine U-87663E to reduce blood-brain barrier permeability 
(Evans' blue extravasation) in male Sprague-Dawley rats at 3 hrs 
after SAH. The animals received a I mg/kg i.v. dose of either 
compound (or an equivalent volume of vehicle) at 15 min before 
and again at 2 hrs after SAH. Brains were dried and the Evan's 
blue extracted with formamide and measured fluorometrically. 
Values = means ± standard error. N = 8-14 animals/group. Asterisk 
indicates p < 0.05 vs. vehicle 

tioxidants have been previously described with neuro
protective efficacy in transient forebrain ischemia 
models in either gerbils or rats including L Y -178002 
[6], N-tert-butyl-a-phenynitrone (PBN; [17]) and di
methylthiourea (DMTU; [14]). However, much higher 
doses of all of these compounds appear to be required 
to achieve neuroprotection as compared to U-101033E 
which is significantly effective at oral dose levels as low 
as 10 mg/kg. This suggests that these earlier-described 
and studied compounds either may not be as brain
penetrable as thought or perhaps they are not as 
effective at attenuating oxygen radical-induced, iron
catalyzed lipid peroxidation as the pyrrolopyrimidines 
appear to be. In addition, U-101033E has been shown 
to have at least a 4 hr post-ischemic therapeutic win
dow. In contrast, PBN's ability to protect CAl neurons 
in the identical gerbil forebrain ischemia model is lost 
by 2 hrs after reperfusion [17]. Nevertheless, further 
study of U-101033E and other pyrrolopyrimidines 
is neccessary before an exact assessment of their 
neuroprotective activity in comparison to the earlier 
described compounds can be firmly established. 

The pyrrolopyrimidines similarly outperform tirila
zad, as well as another antioxidant dihydrolipoate [18], 
with regard to the ability to reduce early infarct growth 
in the mouse permanent MCA occlusion model. In 
the face of permanent vascular occlusion, a successful 
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neuroprotective compound must intuitively be able to 
penetrate the underperfused ischemic penumbra zone 
in order to be optimally effective in salvaging the still 
viable, but potentially doomed neural tissue. While 
tirilazad has been reported to reduce infarct volume in 
the setting of permanent MCA occlusion in Sprague
Dawley [16] and Fischer [3] rats, it has not been shown 
to be efficacious in the same model in spontaneously 
hypertensive rat strain [22]. Likewise, tirilazad appears 
to be only marginally effective in the mouse permanent 
MCA model. In contrast, U-87663E, U-89843D and 
U-IOI033E all potently decrease infarct size in the 
same model, most likely due to their greater access to 
the ischemic brain parenchyma. 

Interestingly, the brain-penetrable pyrrolopyrimid
ines are not superior to tirilazad in the context of either 
temporary (but prolonged) focal ischemia (gerbil 3 hr 
unilateral carotid occlusion) or in SAH-induced BBB 
damage. In the setting of temporary focal ischemia, 
tirilazad and U-87663E and U-89843A are equally 
neuroprotective. Two explanations are feasible. First 
of all, post -reperfusion BBB damage in this model may 
serve to enhance parenchymal access of tirilazad such 
that it is able to reach the neurophil. Secondly, BBB 
damage, and its potential attenuation by the micro
vascularly-localized tirilazad, may be equally impor
tant with parenchymal neuronal injury mechanisms 
which would be most efficiently countered by the brain
penetrable pyrrolopyrimidines. On the other hand, in 
the latter setting ofSAH-induced BBB damage and the 
consequent pathological protein permeability, it is 
apparent that the microvascularly-localized tirilazad 
has a clear advantage. Thus, within the overall spec
trum of traumatic, ischemic and hemorrhagic CNS 
insults, it would seem that antioxidant compounds that 
localize in brain microvasculature or that penetrate the 
brain parenchyma will both have specific, and no 
doubt complimentary, therapeutic roles to play. 
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Summary 

"Small volume resuscitation" (SVR) is a promising concept for 
the treatment of shock and trauma patients. SVR utilizes the fast 
infusion of a small volume of hypertonic saline to mobilize 
intraendothelial and parenchymal water to expand and restitute 
intravascular volume. Therefore it seems warranted to also consider 
SVR for the treatment of disturbances of the cerebral circulation and 
of increased intracranial pressure (ICP). The current study uses a 
rabbit model of global cerebral ischemia combined with mild hemor
rhage to test SVR. Somatosensory evoked potentials (SEPs) serve 
as a short-term outcome parameter. The data demonstrate a benefi
cial effect on ICP, a better reperfusion, and an improved recovery 
of SEPs after treatment with hypertonic/hyperoncotic saline/ 
hydroxyethylstarch as compared to volume replacement with starch 
or blood. 

Keywords: Small volume resuscitation; cerebral ischemia; head 
injury; intracranial pressure. 

Introduction 

"Small volume resuscitation" (SVR) has been intro
duced as a promising concept for the treatment of 
shock and trauma patients [4,12,16,23]. SVR utilizes 
the fast infusion of a small volume of hypertonic saline 
to mobilize intraendothelial and parenchymal water to 
expand and restitute intravascular volume. Thereby, as 
a beneficial effect, hemodilution together with the 
hypertonicity-induced shrinking of the endothelial/ 
perivascular volume serve to significantly improve the 
microcirculation, and to flush out potentially harmful 
metabolites (Fig. 1). Hypertonicity is achieved by the 
infusion of 7.5 % NaCl. In order to maintain the vol
ume effect, a hyperoncotic component is generally 
added, e.g., dextran or hydroxyethyl starch [12]. For 
shock treatment, only 10 % of the actual volume loss 
has to be infused in order to stabilize the circulation. In 

addition to the volume recovery, an increase in myo
cardial contractility and a decrease of peripheral resis
tance result in an increase of cardiac output, 
responsible for the better perfusion. Hypertonic NaCl
solutions are superior in restoring the membrane po
tential and shock related cellular electrolyte imbalance 
[14]. Particularly brain, heart and liver profit from 
these effects (cf. [22]). 

SVR has been originally designed for prehospital 
emergency treatment of hemorrhagic shock. The 
progress of the pathophysiological understanding of 
the mechanisms involved suggests other applications: 
after global cerebral ischemia in particular, reperfusion 
injury of the brain apparently evolves along pathways 
similar to those seen in the peripheral circulation in 
shock. A multitude of mediator cascades-free radicals, 

Fig. 1. Schematic drawing of the effect of hypertonic/hyperoncotic 
solutions on the cerebral microcirculation. The osmotic gradient 
draws fluid from the extravascular space - endothelium, extracellular 
compartment and surrounding glial cells. This improves the rheol
ogy, facilitates reperfusion after ischemia, reduces brain edema if 
present, and in addition leads to a fast washout of toxic metabolites 
and eventually adhering neutrophils 
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eicosanoids, activated leukocytes just to name a few -
are apparently involved. Therefore, a fast and efficient 
recirculation has been advertised as being far superior 
to early but trickling reflow [8]. Attempts to treat 
stroke patients with hemodilution underline this con
cept [3,5,6,11,15,19]. In addition the brain is particu
larly sensitive to ischemia and reacts with perivascular 
swelling of glial cells to even short ischemic episodes. 
Taken together, the current pathophysiological under
standing of global cerebral ischemia suggest that SVR 
might have positive effects during the early reperfusion 
phase. 

The current study was hence designed to elucidate 
two major questions: a) does SVR have negative effects 
on the brain in a model of global cerebral ischemia 
combined with blood loss, or b) does outcome from 
ischemia rather benefit from SVR? Negative effects 
might include rises of intracranial pressure (ICP) 
resulting from damage to the blood-brain barrier. 
Va so genic edema formation via a defective barrier has 
been observed in cases with a significantly enhanced 
postischemic hyperperfusion [13,20]. Conversely, our 
own data have shown a better outcome from global 
ischemia to be associated with enhanced hyperper
fusion in the gerbil model [10]. 

To address these questions cerebral macro- and mi
crocirculation, ICP, and somatosensory evoked poten
tials (SEP) as an outcome parameter were monitored in 
a rabbit model of global cerebral ischemia with 
preischemic blood loss. Together with recirculation 
either hypertonic-hyperoncotic hydroxyethyl starch 
(HHES), normotonic hydroxyethyl starch (HES) or 
the shed blood (BLOOD) were reinfused. 

Methods 

Female New Zealand rabbits (5.0 ± 0.5 kg; n = 10 per group) 
received 28 mg/kg bw (body weight) thiopental and 0.4 mg/kg bw 
pancuronium bromide for induction of anesthesia and oral 
intubation. Anesthesia was maintained with I % alpha-chloralose 
(50 mg/kg bw; 40 mllh). For controlled ventilation with a 33 'X, 
oxygen/air mixture and 0.3 mg/kg/h pancuronium bromide, an end
expiratory pCO, of 34 mmHg was aimed at. Body temperature was 
maintained at 39°C. Per hour the animals received 25 rU/kg bw 
heparin and 6ml/kg bw ringer lactate solution. 

A fiberoptic oxygen saturation catheter was introduced into the 
internal jugular vein. Additional catheters to measure blood pres
sures and to sample blood were advanced into the aorta via the 
femoral artery, and into the inferior vena cava via the femoral vein. 
The right cerebral ventricle was cannulated for the continuous regis
tration of intracranial pressure. Following a mediastinotomy liga
tures were lightly placed around all vessels leaving the aortic arch, 
and guided through the chest wall via plastic tubing for later ischemia 
induction. An electromagnetic flow probe (Hellige Recomed, 
Freiburg/Germany) was placed around the left common carotid 
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artery. Craniectomies were drilled to position transcranial Doppler 
(8 MHz, EME TC 2000, Uberlingen/Germany), and laser Doppler 
(TSI Laserflo, St. Paul MN, USA) probes. After a control period and 
the withdrawal of blood (10 ml/kg bw) the ligatures were simulta
neously occluded for 15 min. After onset ofreperfusion the infusions 
were initiated according to the following protocol: 

I. HHES: 7.5°Ir, NaCI + 10 % hydroxyethyl starch 200,000/ 
0.5, 5 mllkg bw; 

2. HES: 10 '% hydroxyethyl starch 200,000/0.5, 10 ml/kg bw; 
3. BLOOD: Reinfusion of the shed blood (+ 1500 IU heparin), 

10 mllkg bw. 

Before, during, and for 5 h after ischemia the following parameters 
were recorded: extracranial blood flow by the electromagnetic flow 
probe around the carotid artery, intracranial macrocirculatory input 
by transcranial ultrasound Doppler of basilar artery velocity, pari
etal microcirculation (rCBF) by laser Doppler, internal jugular vein 
0,- saturation, rcp, mean arterial pressure (MAP), central venous 
pressure, brain and body core temperature, SEPs, end-expiratory 
pCO" blood gases, electrolytes, and glucose. 

Results 

Recirculation was accompanied in all animals by a 
temporary increase ofICP from an initial average 3 to 
8-9 mmHg (Table 1). In the HHES group, ICPnormal
ized to 3.3 mmHg within 20 min, whereas a rather 
incomplete normalization required as long as 
100-120 min with HES or BLOOD (p < 0.01). The fast 
ICP normalization with HHES was particularly 
impressive since the postischemic hyperperfusion was 
significantly more pronounced and commenced earlier 
with HHES than with both other treatments: After an 

Table I. Intracranial Pressure (ICP) Before, During and A/ia 15 
min of Global Cerebral Ischemia in Rabbits 

[mmHg] Control Ischemia 2 min 
reperf. 

5min 
reperf. 

10min 15 min 
reperf. reperf. 

HHES 3.2±0.5 0.73±0.25 6.9±1.28 8.3±0.27 5.8±0.68 5.0±0.84 
BLOOD3.0±0.48 1.35±0.34 4.9±1.57 8.3±2.23 8.7±2.02 7.7±0.73 
HES 2.9±0.42 1.l9±0.42 6.9±0.85 9.1 ± 1.28 8.8± 1.36 7.1 ±0.91 

[mmHg] 20 min 25 min 30 min 45 min 60 min 240 min 
reperf. reperf. reperf. reperf. reperf. reperf. 

HHES 3.3±0.73 1.9±0.39 2.3±0.55 2.2±0.82 1.9±0.3 3.8±0.5 
BLOOD 6.3±0.86 5.9±0.91 6.0±0.69 5.3±0.56 4.2±0.58 3.3±0.75 
HES S.9±0.S9 4.9±0.62 4.9±1.07 4.3±0.S2 4.1±0.47 4.7±0.71 

Immediately before ischemia 10 mllkg bw blood were withdrawn. 
Within the initial I 0 min of reperfusion each animal received either its 
own shed blood (BLOOD n = 10), hydroxyethyl starch (HES n = 10), 
or 7.5 % NaCI + hydroxyethyl starch (HHES n = 10). Post ischemic 
hyperperfusion was accompanied in all animals by a temporary 
increase of rcp to 8-9 mmHg. In spite of the increased cerebral 
perfusion in the HHES group, ICP normalized to 3 mmHg within 
20 min, whereas normalization was not achieved with HES or 
BLOOD. rcp in the HHES group remained significantly lower than 
in both other groups during the first 60 min of reperfusion (p < 0.01). 
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ischemic reduction of microcirculatory flow to 
10 ± 9 % of control , all animals showed considerable 
postischemic hyperperfusion, which, however, had 
quite a variable onset. This was reflected in changes of 
the basilar artery velocity but less in carotid flow. The 
normalization of ICBF, and the subsequent hyper
perfusion occurred faster in the HHES group (after 
5-7 min), than with HES (12-14 min). This difference 
of reperfusion was reflected in the significantly 
(p < 0.01) more elevated basilar artery velocity 
(30-50 % for 25-30 min) as compared to HES, and to 
the even lower (p < 0.01) velocities in the BLOOD 
group. The protracted onset of reperfusion in the HES 
group went along with a slower recovery of the jugular 
vein 02-saturation. 

There was no statistical difference of arterial blood 
pressure between the three groups. Hematocrit was 
nearly unchanged as compared to the initial control 
level after reinfusion of the shed blood (BLOOD). In 
contrast to this, hematocrit was reduced from 32.9 to 
21.4 % in the HHES group, and from 30.1 to 22.5 % in 
the HES group. Five hours of reperfusion were sur
vived by all animals in the HHES and BLOOD group, 
while two out often rabbits died in the HES group. The 
recovery of the SEP amplitudes correlated with the 
better reperfusion after HHES treatment: after an ini
tial loss of the SEP responses during ischemia, they 
returned to 30-40 % of the initial amplitude in all three 
groups within 1 h of reperfusion. Then, however, the 
recovery continued only in the HHES group (to 81 % 
after 5 h, p < 0.01), whereas in the two other groups 
there was no significant further improvement. 

Discussion 

SVR did not worsen the outcome during 5-h recov
ery from a 15-min period of global cerebral ischemia. 
On the contrary, outcome - as assessed by SEP-recov
ery but also survival - was significantly better than in 
both other experimental groups. Of particular clinical 
significance is the fast normalization of intracranial 
pressure (Table 1). The initial increase after ischemia 
seen in all groups, is due to cytotoxic edema formation 
on the one hand, and the increase of blood volume due 
to hyperperfusion on the other hand. Hypertonic HES 
most likely reduces ICP by osmotic shrinkage of swol
len endothelial and glial cells, thereby reducing cyto
toxic edema and facilitating reperfusion. ICP 
reduction may assume critical significance in patients 
with head injury with an already reduced intracranial 
compliance. In such patients any additional ICP in-
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crease, e.g., after an ischemic episode in intensive care, 
can have fatal consequences. Therefore all measures 
facilitating ICP recovery are of utmost importance. 
Experiments on hemorrhagic hypotension in dogs are 
in line with the data presented here: with a reduced 
cerebral perfusion pressure and elevated ICP, SVR 
reduced ICP and increased CBF as compared to iso
tonic saline infusion [18]. In a similar study Gunnar 
et al. could show [7] that in the presence of an intracra
nial mass lesion in beagle dogs resuscitation with 
hypertonic (3 %) saline was accompanied by lower ICP 
values and less cerebral edema than were isotonic 
saline or colloid resuscitation. Recent data by Berger 
et al. [1] even support the conclusion that hypertonic! 
hyperoncotic saline/dextran reduces as efficiently as 
mannitol intracranial pressure raised by a cerebral 
lesion and a space-occupying mass. Both treatments 
might even be applied in alternation since the use of 
both is limited because of the possible rebound effect of 
mannitol and the effect of SVR on plasma sodium, and 
since the mechanisms of action are probably different
mannitol reduced water content of the traumatized 
hemisphere more effectively, whereas hypertonic! 
hyperoncotic saline/dextran was more effective in the 
contralateral uninjured side [2]. 

The fast normalization of ICP in the current study 
is also an indication that blood-brain barrier break
down was not enhanced by the tremendous increase of 
postischemic hyperperfusion as described for focal 
ischemia with large increase of postischemic hyper
perfusion [13,20]: had this been the case, the exudation 
of vasogenic edema would have resulted in a further 
increase ofICP, and not an accelerated normalization. 
SVR has recently been shown to reduce macromole
cular leakage after muscle ischemia [17]. Apparently 
blood-brain barrier disruption during the hyperperfu
sion phase occurs, if hypervolemic hemodilution is 
combined with systemic hypertension [3]. A decisive 
advantage of SVR is the absence of blood pressure 
surges or longer periods of elevated arterial pressure, 
making SVR an excellent treatment candidate for 
stroke studies. A beneficial side effect for the treatment 
of stroke might be the increase of cardiac output [9] 
after SVR [21]. In rabbits Schurer et al. [21] saw in
creases of cardiac output (CO) directly after infusion of 
hypertonic/hyperoncotic saline/dextran from 81 to 137 
ml/kg/min, and after 60 min CO was still increased. 
After hemorrhagic hypotension on the other hand CO 
was immediately normalized by the treatment. 

In the current study the fast and almost complete 
recovery of the somatosensory evoked potential re-
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sponse after HHES is an indication that in this group 
the earlier and better washout of toxic metabolites 
together with the fast supply of the brain with oxygen 
had a therapeutic effect on reperfusion injury. "Small 
volume resuscitation" in its initial phase causes 
hypervolemic hemodilution and, in addition, facili
tates reperfusion of the microcirculation by reducing 
local perivascular edema, and, thereby "no reflow" 
effects. The current data using HES without hyper
tonic saline did not exhibit any beneficial effect either 
on outcome or reperfusion as compared to reinfusion 
of the shed blood. This is in accordance with the ob
served inefficiency of isovo1emic hemodilution in 
stroke [15]. 

Certainly the current data on global cerebral 
ischemia do not suffice to recommend SVR for the 
treatment of focal ischemic lesions. Results obtained 
by hypervolemic hemodilution trials, however, to
gether with the present data are encouraging to per
form studies employing SVR in models of focal 
ischemia. 
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Summary 

This article provides a brief description of the American Brain 
Injury Consortium (ABIC), a group of clinical scientists focused on 
the design and implementation of clinical trials in the United States 
to improve outcome ofthe brain injured patient. The structure of the 
consortium, guidelines for participation, relationship with pharma
ceutical industry, and the instruments used for acquisition and analy
sis of data gathered are described. 

Keywords: Clinical trials; head injury; American Brain Injury 
Consortium (ABIC). 

Introduction 

The potential to improve outcome of patients with 
severe head injury with pharmacologic intervention 
was spurred by the results of the recent spinal cord 
injury trials indicating improved outcome with early 
administration of high dose steroids [1]. This trial was 
jointly funded by the National Institutes of Health and 
the pharmaceutical industry and until recent years, it 
was common that investigators would seek primary or 
partial funding for clinical trials from the federal 
government. This was the case several years ago when 
most if not all head injury trials were funded ex
clusively by the NIH. For example, clinical trials con
ducted by the Medical College of Virginia in 
Richmond, funded in this manner, included studies of 
barbiturate coma[4], Tromethamine (THAM) [2], and 
most recently, pegulated superoxide dismutase (PEG
SOD) [3]. However, the shrinking pool of research 
funds from the federal government coupled with a shift 
in policy toward federal funding of pharmaceutical 
product testing moved clinical investigators to the pri
vate sector for conduct of clinical trials. A new strategy 
was required to deal with the many problems facing the 
clinical investigator in the industry-university relation-

ship where primary differences in mISSIon, policy 
differences in freedom of information, ownership of 
data, publication rights and reporting of scientific 
findings playa role. 

The Forming of the American Brain 
Injury Consortium 

In April of 1993, a small group of clinical scientists 
met in Atlanta, Georgia, where a plan for organizing 
the head injury investigators in the United States was 
presented. The plan called for the formation of a con
sortium with the primary goal of designing and imple
menting clinical trials in head injury to improve patient 
outcome. Administratively, it was kept as simple and 
practical as possible with participation voluntary by all 
hospitals and university centers. Participation required 
only a pledge that the center investigator follows to the 
best of his ability the scientific guidelines set forth by 
the consortium. At present, the consortium consists of 
60 Primary trauma centers throughout the United 
States. 

The Administrative Structure 

The Consortium administrative structure consists of 
a chairman, technical director, principal investigator, 
and center investigators (Fig. 1). All decisions by the 
Consortium are made democratically by the center 
investigators and each center investigator is entitled to 
one vote. The chairman is selected by nomination and 
approval by the center investigators attending sched
uled Consortium meetings and serves for a minimum 
term of 2 years. 
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Chairman 1-----\ Principal Investigator 

Consortium Centers 

Fig.!. Administrative structure of the American Brain Injury Con
sortium (ABIC). At present, there are 60 trauma centers in the 
United States and 7 Israel centers participating in ABlC 

The chairman's responsibilities are: to represent the 
Consortium in all matters and as the official to be 
contacted by groups interested in utilizing the expertise 
and services of the Consortium, chairs all gatherings by 
the Consortium and maintains responsibility for orga
nizing and implementing the meeting agenda, and as
sists the principal investigator and technical director in 
coordinating efforts with outside groups. 

The technical director's responsibilities are: to assist 
the chairman, principal investigator and Consortium 
members in all technical aspects of the proposed study 
including: communication, data collection, processing, 
analysis and quality control; and to represent the con
sortium to outside agencies for all technical matters 
relating to clinical trial design and implementation. 

The principal investigator of a clinical trial adopted 
by the Consortium must be a member of the Consor
tium. Usually, the center investigator has been engaged 
in experimental or clinical studies and has developed a 
close liaison with the pharmaceutical company for pre
clinical evaluation of their product. It is the responsi
bility of a potential principal investigator to introduce 
the proposed study to the consortium members and 
present evidence supporting the merit of the study 
design. If selected and approved by the Consortium, 
the principal investigator proposes scientific direction 
for the conduct of the study; coordinates scientific 
interchange between the Consortium and Agency; and 
accepts responsibility, as the first author, for reporting 
results of the study to the scientific community. 

The responsibilities of the center investigators are: to 
decide which studies are to be implemented based on 
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the merits of the scientific data supporting the pro
posed clinical trial; participate in all scientific and 
policy decisions of the Consortium; conduct clinical 
trials at their respective center according to the guide
lines set forth by the Consortium; propose or par
ticipate in sub-studies which may be warranted in 
conjunction with the main clinical trial; and participate 
in special committees established by the Consortium 
for management of centers, developing protocol clini
cal guidelines consistent with standards of care, 
contractual matters and publication. 

Publication Guidelines 

This is perhaps the most important problem facing 
the Consortium, particularly when it may not be in the 
best interest of the outside funding agency to report 
negative findings. However, the guidelines of the ABIC 
must be firm in this regard in order to be accepted not 
only by the center investigators but also the institutions 
they represent. The publication guidelines of the ABIC 
are straightforward. Simply stated, the Consortium 
maintains its right to publish and disseminate informa
tion resulting from the clinical trial following guide
lines set forth by the Consortium, in cooperation with 
the funding agency, and in accordance with the rights 
of the individual participating centers. As stated ear
lier, the principal investigator is charged with the 
responsibility of writing the final manuscript and is 
designated senior author followed by the two center 
investigators contributing the most patients to the trial 
and "the ABlC". The ABIC members will be listed in 
alphabetical order in the appendix of the article. It is 
also important for the Chairman to designate a publi
cations committee, which together with the principal 
investigator will oversee all information submitted for 
presentation or publication. In the process, the Con
sortium includes close communication with the fund
ing agency to allow review and recommendations prior 
to publication. 

Communication between Consortium Centers 

The technical center of the ABIC resides III the 
Medical College of Virginia, which houses several 
computers for use by the Consortium. To facilitate a 
close communication with all centers, a computerized 
network was developed for instant transfer and receipt 
of information. The communication network provides 
a link either through conventional phone modem di
rect to the ABIC computer or by the Internet. Users 
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with access to a university computer can use the 
"internet" as this only requires the cost of a local phone 
call. Those distant from a computer can purchase a 
commercial dial-in-service for connection to the 
"Internet". At present, both systems, modem connec
tion to ABIC or Internet, are used for communication. 
However, as time progresses, all centers will be 
"Internet" based thus facilitating information transfer 
not only to the U.S. but worldwide. 

Data Instruments: 
The ABIC Clinical Research Forms 

The main data collection instrument for most clini
cal trials is the hand written documentation on clinical 
research forms (CRF's). One of the major frustrations 
is that these forms vary considerably, and each phar
maceutical company has their own set. One task of the 
ABIC technical center was to develop a uniform set of 
CRF's which could be used for all clinical head injury 
trials and which would become the standard for the 
Nurse Coordinators at the respective centers. This was 
accomplished. After careful review of the initial forms 
introduced by the Traumatic Coma Data Bank and a 
specific "Neuroscore" set currently used by the MCV, 
a proposed draft of CRF's was submitted to the Con
sortium for review and, after refinement, adopted for 
use. These include forms for consent, initial screen, 
vital signs, ECG, injury information, GCS, pupillary 
response, CT -scan, multiple injury scales, medical 
history, medication history, laboratory data, study 
drug administration, outcome, study end, surgery 
treatment, narrative, concurrent medications, adverse 
events and serious adverse events. 

These forms are computerized and reside on an "In
gress" relational data base for transfer to the funding 
agency, usually in SAS format, when quality control 
procedures have been completed and the final data set 
is "locked". Use of these forms will greatly simplify the 
implementation of clinical trials as they limit the 
amount of information collected while at the same time 
providing the data vital to the finding agency and the 
ABle. Computerized forms for direct transmission to 
the ABIC are now in development for future applica
tion. 

Scientific Sub-Projects Coordinated 
within the Clinical Trial 

An additional advantage of the ABIC is that 
scientific questions can be addressed, which can be 
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incorporated into the clinical trial, which although not 
always useful to the funding agency is important for 
scientific purposes. This requires careful negotiation 
with the funding agency as every data element incorpo
rated into the CRF's is subject to quality control and 
checking of source documentation, thus adding to the 
burden of the clinical monitors and to those processing 
data. One example of a sub-project that is presently 
underway is the incorporation of neuropsychologic 
measures as part of the outcome data collection. Here
tofore, the use of neuropsychologic measures has been 
limited in this population because of the problems 
inherent in applying conventional tools to the severely 
injured patient. Thus, the ABIC formulated a short 
series of tests termed the "mini battery" as a com
plement to standard Glasgow outcome scores to pro
vide additional measures of brain function. Each 
neuropsychological test selected serves as a useful indi
cator of individual cognitive functions including 
memory, attention, visual perception, motor function
ing and language. The fundamental hypothesis is that 
treated patients will show better performance on mea
sures of visual perception, visual memory, oral fluency, 
sustained attention, fine motor dexterity and quality of 
life. 

Those tests which comprise the "mini-battery" along 
with information as to areas of measurement include; 
Rey Complex Figure Test (visuoconstruction and 
memory); Controlled Oral Word Association Test 
(oral fluency); Symbol Modalities Test, oral version 
(sustained attention); Grooved Pegboard Test (fine 
motor dexterity) and Neurobehavioral Functioning 
Inventory (Quality of Life). The time required to ad
minister the tests ranges from 20 minutes for Good/ 
Moderate outcome patients to 45 minutes for the se
verely disabled patients. This battery has been adopted 
by the ABIC and is in current use. It will provide the 
ABIC the opportunity to test the applicability of these 
neuropsychological and quality of life measures to 
clinical trials involving the severely injured patient. 

Conclusion 

This article briefly summarizes the construct and 
principles ofthe ABIC which was formed to provide a 
scientific body to conduct clinical trials in the private 
sector while at the same time maintaining academic 
standards of excellence. As care providers assume the 
ultimate responsibility for patient outcome, who is 
better qualified to decide how clinical trials involving 
new therapies or agents should be designed and imple-
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men ted? At present, the ABIC consists of 60 premier 
trauma centers within the United States and an addi
tional 7 centers in Israel. Shortly after the formation of 
the ABlC, all data collection instruments, methods of 
operation, and specialized programs were transferred 
to Glasgow. This eventually led to the formation of the 
European Brain Injury Consortium (EBIC). The EBlC 
has adopted these principles and together with ABlC 
and our pharmaceutical colleagues, will share the same 
problems and hopefully impact favorably on the out
come of the severely brain injured patient. 
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