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Abstract. The objective of this study was to assess 
whether dimethylthiourea (DMTU), an established free 
radical scavenger, ameliorates ischaemic damage due to 
2-3 h of transient middle cerebral artery (MCA) occlu- 
sion, induced by an intraluminal filament. A major point 
adressed was whether DMTU given before MCA occlu- 
sion only delayed the "maturation" of the damage, or if it 
had a lasting effect on infarct size. The end point was 
morphological, and either encompassed triphenyltetra- 
zolium chloride (TTC) staining of tissue slices after 24 h 
or 48 h of recovery, or histopathological assessment of 
infarct size after 7 days of recovery. In a preliminary se- 
ries of experiments, rats were subjected to 3 h of MCA 
occlusion, and infarct volume was assessed by TTC stain- 
ing after 24 h of recovery. DMTU in a dose of 750 mg/kg 
reduced infarct volume by more than 50%. However, due 
to a high mortality rate, that protocol was not subse- 
quently pursued. When the ischaemia duration was re- 
duced to 2 h and the DMTU dose to 400 mg/kg, a similar 
amelioration of the tissue damage was observed. Howev- 
er, since DMTU reduced a spontaneous rise in body tem- 
perature to 39.0-39.5~ DMTU-treated animals in the 
main series of experiments with 24 and 48 h of recovery 
were treated so that they had the same temperature rise 
as the saline controls. Under such constant temperature 
conditions, the effect of DMTU at 24 h of recovery was 
borderline (P = 0.052) and at 48 h it was nil. The lack of 
a lasting effect of DMTU was supported by the findings 
on evaluation of infarct area after 7 days of recovery. The 
results raise the important question whether DMTU, and 
perhaps other free radical scavengers, delay rather than 
ameliorate the ischaemic lesion developing after transient 
MCA occlusion. 

Key words: Dimethylthiourea - Brain - Ischaemia - Mid- 
dle cerebral artery occlusion - Rat 

Correspondence to: K. Pahlmark 

Introduction 

Although it seems likely that free radicals contribute to 
ischaemic brain damage, particularly following long peri- 
ods of ischaemia due to middle cerebral artery (MCA) 
occlusion, it has been difficult to obtain definite proof. In 
the gerbil, evidence has been reported that even brief pe- 
riods of ischaemia with reperfusion leads to oxidative 
damage to proteins (Floyd 1990; Oliver et al. 1990). How- 
ever, similar alterations have not been observed in rats 
(Folbergrovfi et al. 1993; Pahlmark et al. 1993). At 
present, therefore, the best evidence for participation of 
free radicals in the pathophysiology of ischaemic brain 
damage rests on the observations that ischaemic brain 
damage is ameliorated by drugs or enzymes whose best 
known (or only) effect is to scavenge free radicals. These 
drugs/enzymes encompass dimethylthiourea (DMTU) 
and allopurinol (Patt et al. 1988; Martz et al. 1989), as 
well as polyethylene glycol-conjugated superoxide dis- 
mutase (SOD) and catalase (Liu et al. 1989). Additional 
support has been obtained by the smaller infarcts ob- 
served after transient MCA occlusion in transgenic mice 
overexpressing human Cu-Zn SOD (Kinouchi et al. 
1991). 

In all of these studies, giving positive evidence of a free 
radical component in ischaemic damage, ischaemia was 
either permanent or relatively long-lasting (Liu et al. 
1989; Martz et al. 1989; Patt et al. 1988; Kinouchi et al. 
1991). Results obtained in rats suggest that free radical 
scavengers may reduce infarct size in permanently MCA- 
occluded animals by 30-35% (Liu et al. 1989; Martz et al. 
1989). In theory, an even better protection could be ob- 
tained in reversible MCA occlusion, but extensive analy- 
ses only exist for gerbils (Patt et al. 1988). 

Recent methodological developments allow reversible 
MCA occlusion by an intraluminal filament, introduced 
from the common carotid artery (Koizumi et al. 1986; 
Nagasawa and Kogure 1989; Zea Longa et al. 1989). We 
have recently modified this technique and assessed in- 
farct size after various occlusion periods (Memezawa et 
al. 1992a,b). In the present study, we explored to what 



extent D M T U  ameliorates  b ra in  damage  due to t rans ient  
M C A  occlusion. We specifically wished to s tudy whether  
the drug merely delays infarct development ,  or whether  
the effects are sustained.  

In  the first par t  of the pre l iminary  series of experi- 
ments ,  fasted rats pretreated with D M T U  750 mg/kg or 
saline were exposed to 3 h of M C A  occlusion and  al- 
lowed 24 h of recirculation.  Infarct size in the D M T U  
group,  assessed with t r iphenyl te t razo l ium choride (TTC), 
was reduced to less than  50% of control .  Fur ther  experi- 
ments  a imed for longer  recirculat ion periods revealed a 
high mor ta l i ty  rate with the c o m b i n a t i o n  of 3 h of 
M C A O  and  a D M T U  dose of 750 mg/kg. Fur thermore ,  
a spon taneous  rise in body  temperature ,  seen in saline 
controls  dur ing  and  after M C A O ,  was b lun ted  by the 
D M T U  treatment .  The m a i n  exper imental  series were, 
therefore, performed with 2 h of M C A  occlusion and  a 
lower dose of D M T U  (400 mg/kg). To explore the impor-  
tance of t empera ture  the D M T U - t r e a t e d  animals  were 
warmed to the same body  tempera ture  as the controls  
spon taneous ly  achieved. 

The results of these experiments  demons t ra te  that  al- 
though  D M T U  seemed to amel iorate  the lesions after 24 
h, the drug did no t  reduce ischaemic infarct ion when the 
lat ter  was evaluated  after 48 h of recovery. Since these 
exper iments  suggested that  D M T U  only  delayed the de- 
ve lopment  of ischaemic infarction,  an addi t iona l  g roup  
was studied with 7 days of recovery. In  this group the 
D M T U  animals  were no t  heated, so as to optimise condi-  
t ions for amel iorat ion.  In  spite of that, D M T U  lacked 
effect on  ischaemic infarction.  
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died in the early recovery phase. The remaining animals were killed 
at 24 h of reperfusion and the infarct size of each brain was mea- 
sured with the help of TTC staining. Fourteen additional rats 
(group 2) were divided into two subgroups of six and eight rats, 
treated with saline or DMTU, respectively, 1 h before a 3 h period 
of MCA occlusion. These rats were intended for histological evalu- 
ation after 7 days of reperfusion, but due to a high mortality rate, 
this line was not pursued. Instead, 36 untreated animals were added 
with different times of MCA occlusion (1, 2, or 3 h or permanent) to 
determine the mortality rate. 

In an additional group (group 3), we evaluated the protective 
effect of DMTU at a lower dose (400 mg/kg) and with a shorter 
period (2 h) of MCA occlusion. Rats were treated with saline (n = 9) 
or DMTU (n = 8) 1 h before a MCA occlusion. One of the saline- 
treated rats died within 24 h after ischaemia. The rats were sacri- 
ficed after 24 h of reperfusion and the brains were stained with TTC. 

Experimental groups: main series 

Since a significant reduction in rectal temperature was observed in 
the DMTU-treated rats in the preliminary experiments, in the sub- 
sequent experiments the animals given DMTU were warmed dur- 
ing the 2 h MCA occlusion period and the first 2 h of reperfusion to 
keep their body temperature at the same level as that of the saline- 
treated rats. After 24 or 48 h of reperfusion (groups 4 and 5), the rats 
were killed and their brains were stained with TTC. Since the results 
failed to show that DMTU ameliorated ischaemic damage after 48 
h of recovery, one additional group was studied (group 6). In this, 
the rats were treated with saline (n = 5) or DMTU (n = 6), and sub- 
jected to 2 h of MCA occlusion. Postoperative temperature was not 
manipulated in the DMTU-treated animals. After 7 days of reperfu- 
sion, the animals were perfusion-fixed with phosphate-buffered for- 
malin and their brains were histologically evaluated. In these ani- 
mals infarct area at three different levels, rather than infarct volume, 
was assessed. 

Materials and Methods 

Experimental groups: preliminary series 

Two separate series of experiments were carried out (Table 1). In the 
first groups (1 and 2), the effects of DMTU on infarction volume 
were studied following a 3 h period of MCA occlusion. DMTU 
(Janssen Chimica, Belgium) was dissolved in 0.9% saline to a final 
concentration of 100 mg/ml and administered i.p. in a dose of 750 
mg/kg 1 h before MCA occlusion. Eleven rats each were treated 
with saline or DMTU and subjected to 3 h of MCA occlusion 
followed by 24 h of recirculation (group 1). One rat in each group 

General operative techniques 

Male Wistar rats (Mollegaard Breeding Center, Denmark) weighing 
335-355 g were used for this study. The experimental procedures 
were approved by the Animal Use Ethical Committee of the Uni- 
versity of Lund. The animals were fasted overnight, but had free 
access to water. Anaesthesia was induced by inhalation of 3.5% 
halothane (Halothane, ICS Chemicals, England) in N20:02 (70%: 
30%), the halothane concentration being reduced to 1.5-2.0% dur- 
ing operation. The animals breathed spontaneously. A polyethylene 
catheter was inserted into a tail artery for blood pressure recording 
and blood sampling. A thermistor probe was inserted in the rectum 

Table 1. The different experimental groups with DMTU-treatment 

Experimental Number of rats DMTU dose Duration of ischaemia Temperature Evaluation 
group (mg/kg, i.p.) and reperfusion control method 

DMTU Saline 

Preliminary series 

Group 1 11 11 750 3 h MCAO + 24 h R No Histology (TTC) 
Group 2 8 6 750 3 h MCAO + 1 w R No 
Group 3 8 9 400 2 h MCAO + 24 h R No Histology (TTC) 

Main series 

Group 4 10 9 400 2 h MCAO + 24 h R Yes Histology (TTC) 
Group 5 9 9 400 2 h MCAO+48 h R Yes Histology (TTC) 
Group 6 6 5 400 2 h MCAO + 1 w R No Histology (C + A) 

MCAO, Middle cerebral artery occlusion; R, reperfusion; C + A, celestine blue/acid fuchsin staining; TTC, triphenyltetrazolium chloride 
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to monitor body temperature, which was maintainted at 38~ (the 
temperature of freely moving rats) during the operation with the 
help of a heated operating table. Body temperature, mean arterial 
blood pressure, arterial blood gases, pH and glucose concentration 
were measured just before, and 5 min after MCA occlusion, when 
the rats were still under anaesthesia, and also at the end of the 
period of MCA occlusion, as well as after 2 h of reperfusion, when 
the rats were awake. 

Middle cerebral artery occlusion 

Occlusion of the right MCA was performed by insertion of an 
intraluminal filament as described previously (Memezawa et al. 
1992a). A surgical midline incision was made to expose the right 
common, internal, and external carotid arteries. The external carot- 
id and the occipital arteries were ligated, and 0.15 ml of heparin (200 
IU/ml) (Vitrum AB, Stockholm) was given through the tail artery. 
The common carotid artery was closed by a ligature, and the inter- 
nal carotid artery was temporarily closed by a microvascular clip. A 
small incision was then made in the common carotid artery, and the 
MCA-occluding device was inserted into the internal carotid artery. 
The occluder filament was advanced to close the origin of MCA. 
The anaesthesia was discontinued, and the rats were returned to 
their cages after the operation. The animals were awake during the 
ischaemic period, and their behaviour was checked for neurological 
deficits. After the period of ischaemia, the rats were lightly reanaes- 
thetised with halothane and the occluder filament was withdrawn to 
allow recirculation. The right common carotid artery remained oc- 
cluded. This procedure permits reperfusion of the ischaemic focus 
(Memezawa et al. 1992b). 

Triphenyltetrazolium chloride staining 

The rats were anaesthetised by inhalation of 2.5% halothane and 
killed by decapitation. The brains were quickly removed and chilled 
in ice-cold saline for 10 min. Twelve 1 mm coronal slices were cut 
with a tissue slicer, beginning 1 mm posterior to the anterior pole, 
and the slices were immersed in a saline solution containing 1.0% 
2,3,5-triphenyltetrazolium chloride (Sigma, St. Louis) at 37~ for 20 
rain (Bederson et al. 1986a). After staining, each brain slice was 
photographed with black and white film. The unstained area in 
each photograph was quantified from the developed film with a 
computer image-analyser (IBAS 2, Kontron Bildanalyse GMBH, 
Munich). The total infarct volume in cubic millimetres was deter- 
mined by summing up the infarct areas of the 12 slices (Osborne et 
al. 1987). 

Celestine blue~acid fuchsin staining 

The rats were anaesthetised and tracheotomised under artificial 
ventilation with 1.5% halothane in N20:02 (70%: 30%). A thora- 
cotomy was made and a cannula was inserted into the ascending 
aorta via the left ventricle. After a short flush with saline, the rats 
were perfusion-fixed with phosphate buffered 4% formaldehyde 
(pH 7.4), as described previously (Auer et al. 1984). Then the brains 
were removed, dehydrated, embedded in paraffin, sectioned coro- 
nally at 5 gm and stained with celestine blue and acid fuchsin. Brain 
sections were observed under the microscope, and the infarct area 
was sketched on copies from the rat brain atlas (Paxinos and Wat- 
son 1982). The infarct area at three different brain levels was quan- 
tified with help of the image analyser. 

Statistics 

Statistical differences between saline- and DMTU-treated groups 
were determined using the two-tailed Student's t-test. P < 0.05 was 
regarded as statistically significant. All values given are mean _+ 
SEM 

R e s u l t s  

Accuracy of middle cerebral artery occlusion 

Rats in which M C A  occlusion was successful showed 
typical behavioura l  signs when regaining consciousness,  
such as cont ra la tera l  circling and  walking to the con- 
t ralateral  side (Memezawa et al. 1992a). Also the D M T U -  
treated animals  sedated by the drug showed such circling 
behaviour ,  a l though they had to be lightly manua l ly  
aroused. Uni la te ra l  occlusion of the carot id arteries does 
no t  generate circling. Seventeen of the 154 rats operated 
in the present  series did no t  show the typical behav ioura l  
signs dur ing  ischaemia or had subarachno ida l  haemor-  
rhage at the t ime of death;  these rats were excluded from 
analysis. 

Physiological parameters 

The values of the physiological  parameters  in group  4 of 
the m a i n  series are shown in Table 2. Similar values, with 

Table 2. Physiological parameters in expe- 
rimental group 4 (2 h MCA occlusion and 
24 h reperfusion with temperature control) 
measured at three different times 

5 min MCAO 2 h MCAO 2 h reperfusion 

Saline (n = 9) 

Rectal temperature (~ 38.0 +0.2 39.3 +0.6 38.6 _+0.4 
PCO2 (ram Hg) 43.1 _+3.0 33.7 _+2.3 38.1 _+3.7 
PO z (mm Hg) 109 +7 86 _+7 80 _+8 
pH 7.38 _+ 0.04 7.46 _+ 0.02 7.43 _+ 0.02 
Blood pressure (mm Hg) 132 _+14 
Blood glucose (mmol/1) 4.7 _+0.7 5.0 +0.8 5.1 _+0.7 

DMTU (n = 8) 

Rectal temperature (~ 37.8 +0.4 38.9 _+0.5 38.1 _+0.5 
PCOz(mmHg) 43.4 _+2.5 36.0 -t-2.9 38.1 _+3.7 
PO 2 (mm Hg) 107 _+7 80 _+7 81 _+5 
pH 7.39 _+ 0.03 7.45 _+ 0.02 7.42 _+ 0.07 
Blood pressure (mm Hg) 123 + 13 
Blood glucose (mmot/1) 5.0 _+0.5 5.7 _+0.6 5.6 _+0.6 
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the exception of temperature, were observed in all exper- 
iments. Rats were moderately hypercapnic (PCO2 40-45 
mmHg) during the operation, reflecting the effects of 
anaesthesia and the spontaneous ventilation. The other 
parameters were as are generally considered normal. No 
significant difference in physiological parameters be- 
tween saline- and DMTU-treated groups was observed. 

Preliminary series 

Effect of DMTU in a dose of 750 mg/kg. Figure 1 shows 
coronal sections of rat brains stained with TTC after 24 
h of reperfusion following a 3 h period of MCA occlu- 
sion. The contralateral hemisphere was darkly stained, 
indicating normal tissue. Portions of the ipsilateral cere- 

Fig. 1. Coronal section of rat brains 
obtained 24 h after a 3 h period of 
MCA occlusion. The sections were 
stained with TTC, and injured tissue 
is white. Top, Brain section from a rat 
treated with saline; bottom, brain sec- 
tion from a rat  treated with D M T U  
(750 mg/kg, i.p.) 



392 

6O 

~ 40 

< 

~_ 20 

60 

v 

40 

~ 20 

( A ) -----O-- Saline 

~ " - - ~ k T  ~ D M T U  

. . . .  

2 4 6 8 10 12 

Brain Section No. 

(B) 
O o o  

o o 0 0  

Saline DMTU 

Fig. 2A,B. Ameliorative effect of DMTU against brain infarction 
after MCA occlusion. DMTU in a dose of 750 mg/kg was adminis- 
tered 1 h before a 3 h MCA occlusion period (group 1). After 24 h 
of reperfusion, the animals were killed and their brains were 
sectioned and stained with TTC. A The mean percentage + SEM 
of the infarction area in the ipsilateral hemisphere of each brain 
section. B The mean percentage of infarction volume of the ipsi- 
lateral hemisphere, with individual values indicated. There was 
a significant difference between saline- and DMTU-treated rats 
(** P <0.01) 

bral  cortex and c a u d o p u t a m e n  were no t  stained, demon-  
strating damaged  areas in which the neurons  and most  of 
the glial cells had died (infarction). The largest infarct 
area, about  60% of the hemisphere,  was observed in sec- 
tions 6 and 7 (Fig. 2A). The infarct area was markedly  
reduced by D M T U  treatment  in each of  the 12 brain 
slices examined (Fig. 2A). Futhermore ,  the total infarct 
volume was significantly reduced by more  than 50% 
(P<0 .01) ;  infarct volume was 36.3 _+4.4% of the ipsilat- 
eral hemisphere in the saline-treated group,  and 
14.4 + 4 . 8 %  in the D M T U - t r e a t e d  g roup  (Fig. 2B). 

A l though  the objective of  the experiments was to eval- 
uate the effect of  D M T U  7 days after a 3 h period of 
M C A  occlusion, this could not  be achieved due to a high 
morta l i ty  rate. Thus, two of six rats in the saline-treated 
g roup  and five of~eight rats in the D M T U - t r e a t e d  g roup  
died within 7 days,(Fig. 3A). In  order  to analyse the rea- 
sons for this high mortal i ty,  we evaluated morta l i ty  rates 
in unt rea ted  animals subjected to 1, 2, and 3 h of tran- 
sient, or to permanent ,  M C A  occlusion (Fig. 3B). Perma-  
nent  occlusion gave a high morta l i ty  rate, as did 3 h of  
transient occlusion. Fol lowing 1 h of occlusion, eight of  
eight animals survived and after 2 h of M C A  occlusion 
seven of  eight animals survived. On  the basis of  these 
results, we decided t o  change the occlusion time f rom 3 to 
2 h of  MCA.  Fur thermore,  since D M T U  in a dose of  750 
mg/kg  m a y  exert unspecific effects, we decided to reduce 
the dose to 400 mg/kg.  
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Fig. 3. A The cumulative mortality of rats subjected to 3 h MCA 
occlusion after treatment with DMTU at a dose of 750 mg/kg i.p. or 
saline 1 h before occlusion. Sixty-three percent of the DMTU-treat- 
ed and 33% of the saline-treated animals died within 2 days. B The 
cumulative mortality rate after different duration of MCA occlu- 
sion: 1 h, 2 h, 3 h and permanent MCA occlusion. The animals were 
not treated with any drug. The number of dead animals/total num- 
ber of experiments is indicated to the right of each curve 
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Fig. 4A,B. The protective effect of DMTU (400 mg/kg) compared 
with saline in rats subjected to 2 h MCA occlusion and 24 h of 
reperfusion (group 3). The mean infarct area (%) -t- SEM and mean 
(bars) as well as individual (symbols) % infarct volumes measured 
with TTC staining are given in A and B respectively. There was a 
significant difference (** P < 0.01) between DMTU- and saline- 
treated animals 

Effect of D M T U  at a dose of 400 mg/kg. Following an 
occlusion period of 2 h (group 3), infarction in the saline- 
treated g roup  was observed in cortex and the lateral cau- 
do-putamen.  The largest infarct area was observed in sec- 
t ion no. 6 (Fig. 4A), and the percentage of  infarct volume 
in the ipsilateral hemisphere as evaluated after 24 h of 
recovery was 19 .4+4 .1% (Fig. 4B). D M T U  clearly re- 
duced infarct size, since the percentage of infarct volume 



was 5.5 +_ 1.7% in the DMTU- t rea t ed  group, giving a sig- 
nificant difference (P < 0.01) between saline- and D M T U -  
treated groups. 

Body temperature 

The results obtained in group 3 (2 h M C A O  + 24 h R) in 
the preliminary series of experiments showed that body 
temperature increased in the MCA-occluded, freely mov-  
ing animals and that D M T U  blunted this temperature 
response. Since the normal  temperature of the rat is 
around 38~ the preocclusion temperature was held at 
that value. However, a spontaneous increase in body 
temperature to 39.(~39.5~ was observed in the saline- 
treated groups at the end of 2 h ischaemia (Fig. 5A). 
During the reperfusion period body temperature gradu- 
ally recovered to normal  levels. In the preliminary 2 h 
occlusion group, in which body temperature was not 
controlled, the temperature of the DMTU- t rea ted  group 
did not increase during ischaemia (38.3+0.5~ and 
these animals showed a significantly lower (P < 0.05) tem- 
perature than the animals in the control group after 2 h 
of reperfusion; the temperatures in the control and DM-  
T U  groups were 38.6_+0.5~ and 37.0_0.6~ respec- 
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Fig. 5A,B. The effect of DMTU on rectal temperature during and 
after MCA occlusion. Rectal temperature was measured immedi- 
ately before (Pre) and just after the MCA was occluded ~2), and at 
0, 2 and 24 h of reperfusion. A The difference in rectal temperature 
between the DMTU- and saline-treated groups when body temper- 
ature was not controlled (group 3). There was a significant differ- 
ence in temperature at 2 h of reperfusion (* P < 0.05). B Difference 
in rectal temperature when the body temperature was controlled 
with external heating in the DMTU-treated group during MCA 
occlusion and the following 2 h period of reperfusion (groups 4 
and 5) 
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tively. However, no significant difference between the two 
groups was observed after 24 h of reperfusion (Fig. 5A). 
In the next two groups, the DMTU- t rea ted  rats were 
temperature controlled during ischaemia and the first 2 h 
of the reperfusion to achieve the same temperature as in 
the control animals (Fig. 5B). 

Main series 

In group 4 of the main series, 24 h of recovery was al- 
lowed before TTC staining and, as stated above, the body 
temperature of the DMTU- t rea ted  rats was maintained 
at the same level as that of the saline-treated subjects. 
Infarction in the saline-treated group was almost the 
same as that in group 3 of the preliminary series 
(2 h M C A O  + 24 h R). The largest area of infarct, 
31.8+6.1%, was observed in section no.6 (Fig. 6A) and 
the percentage of infarct volume was 16.4_+3.8% (Fig. 
6B). D M T U  seemed to reduce infarct size, since the per- 
centage of infarct volume was 6.9_+ 2.0%. However, the 
difference between saline- and DMTU-t rea ted  groups 
was of borderline statistical significance (P = 0.052). 

As discussed in the Introduction, the question arises 
whether the short-term effect of a drug represents only 
postponement  of the final damage or a definite ameliora- 
tion of the damage. For that reason, the effect of D M T U  
was also evaluated after a 48 h period of reperfusion 
(group 5). The other experimental conditions were the 
same as in group 4. Infarction in the saline-treated sub- 
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Fig. 6A,B. The results of experimental group 4, with the same dose 
of DMTU (400 mg/kg) and duration of ischaemia-reperfusion (2 h 
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ence in the experimental procedure was that in group 4 the body 
temperature in the DMTU-treated group was controlled during 
MCAO and the first 2 h of reperfusion. A Mean % infarcted area 
+ SEM; B mean % infarct volume. Individual values are given as 
symbols. DMTU treatment showed protection but the difference 
was not significant (P = 0.052) 
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group was a little more extensive than after a 24 h period 
of reperfusion (group 4); the infarct area in section no.6 
was 35.2_+7.1% and the percentage of infarct volume 
hemisphere was 22.6 +_ 4.3% (Fig. 7). However, there was 
now no difference between the saline- and DMTU-t rea t -  
ed groups in infarct volume, the percentages of infarct 
volume being 22.6 +_4.3% and 21.1 _+ 5.1%, respectively 
(Fig. 7B). 
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Fig. 8. After 2 h of MCA occlusion the increasing infarct size with 
increasing durations of reperfusion (24 h, 48 h with TTC method, 
and 7 days with celestine blue/acid fuchsin staining) demonstrated 
that a single dose treatment with DMTU 400 mg/kg only delayed 
the maturation. The DMTU-treated animals in the 7 days reperfu- 
sion group were not temperature controlled, hence their tempera- 
ture was lower during and after MCA occlusion than in the other 
groups. The symbols represent individual infarct areas in percent- 
age of the ipsilateral hemisphere in section 6. The mean value in 
each group is indicated by a horizontal bar. Filled circles, DMTU- 
treated rats; open circles, saline-treated rats. The data are from 
experimental groups 4, 5 and 6 

histopathology can be compared. The following conclu- 
sions are warranted. The saline-treated animals showed a 
much larger infarct area after 7 days of recovery than that 
observed after 24 h of reperfusion (group 3, saline-treat- 
ed); the percentages of infarct area in sections 4, 6 and 8 
were 25.2_+6.7%, 41.3_+7.8% and 27.0_+5.4%, respec- 
tively, after 24 h of reperfusion (group 3) and 56.9 __ 5.0%, 
61.5_+ 5.2% and 33.4_+ 3.3% after 7 days of reperfusion 
(group 6). No effect of D M T U  on brain infarction was 
observed after 7 days of recovery (Fig. 8). 

Long-term recovery 

Although the results of the main series suggest that DM-  
T U  postpones rather than ameliorates brain damage due 
to transient ischaemia, temperature represents a con- 
founding factor. Therefore, and in order to evaluate the 
time factor, one group of animals was allowed a recovery 
period of 7 days, body temperature in the DMTU- t rea ted  
animals not being raised. Thus, the results should be 
comparable  to those illustrated in Fig. 4 (2 h M C A O  + 
24 h R, no temperature control) in which D M T U  re- 
duced infarct size by more than 50%. However, since 
TTC staining is not a reliable method of infarct assess- 
ment after such long periods of recovery, we used histo- 
pathology, and assessment of infarct area (at three differ- 
ent levels) rather than tissue volume. 

Brain sections 4, 6 and 8 were chosen for histological 
evaluation, as those levels represented the main infarct 
area demonstrated in the TTC-stained sections (Figs. 4A, 
6A, 7A). Wide-spread infarction was observed in the cor- 
tex and caudoputamen,  similar to that shown in Fig. 1, 
suggesting that the results with the T T C  staining and 

D i s c u s s i o n  

As stated in the Introduction, it is highly likely that free 
radicals contribute to the damage which is incurred after 
ischaemic episodes, particularly if the ischaemia is of long 
duration and followed by recirculation. The preliminary 
experiments supported this contention, since D M T U  in 
doses of 750 or 400 mg/kg reduced infarct size to < 50% 
of control, as measured after 24 h of recovery. However, 
there are clearly problems of interpretation. The first is 
that D M T U  proved to blunt a rise in temperature which 
occurred spontaneously in the MCA-occluded, saline-in- 
jected animals. The second, and most  important ,  result is 
that the effect of D M T U  was no longer apparent  after 48 
h of recovery, and that similarly negative results were 
obtained when infarct area was evaluated after 7 days of 
recovery in animals in which the DMTU- t rea ted  ones 
were not heated. We will discuss the established effects of 
D M T U ,  and the possibilty that D M T U  (and possibly 
other free radical scavengers) merely postpones is- 
chaemic damage, not really preventing it. 

Before these issues arc discussed, it seems justified to 
make a few remarks about  the techniques used to assess 
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tissue damage. TTC staining was usedin the studies with 
24 and 48 h of reperfusion because the damaged areas 
can be clearly distinguished from normal tissue, and be- 
cause it is technically easier and less time consuming than 
light microscopical evaluation of infarct volume. TTC, 
which has no colour per se, turns dark red when reduced 
by mitochondrial dehydrogenases (Bederson et al. 
1986a). Normal tissues, which have intact dehydrogenas- 
es, are stained red while damaged areas remain un- 
stained. In a pilot study, comparing TTC staining to ce- 
lestine blue/acid fuchsin staining, we could demonstrate 
that unstained areas contained necrotic tissue, both neu- 
rons and glial cells being affected. Therefore, the un- 
stained areas were evaluated as "infarction". We have 
also compared the size of infarct area with the two tech- 
niques after 24 h of permanent MCA occlusion, and 
found them to be of similar size (Memezawa et al. 1992a). 
Some previous studies also demonstrate a good correla- 
tion between infarct areas determined by TTC staining 
and those determined by hematoxylin/eosin staining 
(Bederson et al. 1986b). Some animals in this study 
showed no, or very small infarcts, but all of them had 
damage; reflected in a pale staining with TTC, interpret- 
ed as selective neuronal necrosis, with some cells (proba- 
bly mainly glia) still viable. We only measured the com- 
pletely non-stained area, and so a few animals had a 
value of zero. 

DMTU - specific and unspecific effects 

It is well known that DMTU, an established hydroxyl 
radical scavenger, ameliorates damage due to oxidative 
stress (Patt et al. 1988; Martz et al. 1989). Patt et al. (1988) 
demonstrated that, in gerbils with 3 or 6 h of carotid 
artery occlusion and 48 h of reperfusion, DMTU amelio- 
rates tissue oedema and neurological deficits. Martz et al. 
(1989) subsequentely reported that DMTU reduced 
brain infarction after permanent MCA occlusion in rats. 
A dose of 750 mg/kg (i.p.) was used in these studies. This 
high dose, which gives a plasma concentration of about 5 
mM, is usually tolerable, since DMTU has been reported 
not to be toxic below doses of 1000 mg/kg in rats (Fox 
1984). Our results confirm this observation, at least in 
normal animals. In a pilot study, we checked the general 
behaviour of the animals given DMTU in a dose of 750 
mg/kg, and observed only slight depression of behaviour 
("sedation"), but no change in body temperature. 

In the present experiments, we found that although 
DMTU in a dose of 750 mg/kg ameliorated the ischaemic 
damage caused by 3 h of MCA occlusion, as assessed by 
TTC staining after 24 h of recovery, it also increased 
mortality. At this dose (750 mg/kg) DMTU did not in- 
crease mortality in rats subjected to 15 min of forebrain 
ischaemia (Pahlmark et al. 1993). It is unclear how DM- 
TU aggravated mortality in the present study, but 3 h of 
MCA occlusion by an intraluminal filament normally 
gives such an extensive brain lesion that survival is jeop- 
ardised, and in this precarious situation, DMTU may 
suppress restorative reactions sufficiently to reduce sur- 
vival. 

Our results reveal that MCA occlusion leads to a rise 
in body temperature, and that DMTU ameliorates this 
rise, but they give no hint to the mechanisms involved. 

Postponement or prevention of ischaemic damage? 

At least following global or forebrain ischaemia of brief 
to moderate duration ischaemic damage in several brain 
regions is conspicuously delayed (Kirino 1982; Pulsinelli 
et al. 1982; Smith et al. 1988). Such slow "maturation" of 
ischaemic neuronal damage suggests that damage due to 
transient MCA occlusion is not necessarily definitive af- 
ter 24 h of recovery. Thus one can envisage that drugs, 
particularly if given in a single dose, could postpone the 
damage, albeit not preventing it from occurring. There 
are no precedents for this assumption. It is of interest, 
though, that Gotti et al. (1990) reported that ameliora- 
tion of ischaemic damage due to permanent MCA occlu- 
sion in mice by N-methyl-D-aspartate (NMDA) antago- 
nists was only observed if repeated doses were given over 
the first 18 h following the arterial occlusion. Similar re- 
sults were reported by Dirnagl et al. (1990), who adminis- 
tered MK-801 to MCA-occluded rats. 

Our results may be seemingly at variance with those 
showing a similar volume of infarction after 24 h of re- 
covery as after longer periods (Isayama et al. 1991). How- 
ever, such results do not exclude the possibility that 
drugs may postpone "maturation" of ischaemic damage 
beyond the 24 h point when the MCA occlusion is rela- 
tively short-lasting. It seems highly justified that all drugs 
are evaluated at "infinite" recovery periods, here consid- 
ered in terms of 1-week recovery. 

The role of temperature 

Admittedly, our results after 7 days of recovery were ob- 
tained with a different histopathological technique, and 
with evaluation of infarct area rather than infarct vol- 
ume. However, the results were so consistent that we sub- 
mit that DMTU, even in a situation when temperature 
was allowed to fall during and immediately after is- 
chaemia, failed to exert a lasting amelioration of infarct 
size. It is clear that a moderate reduction of temperature 
per se reduces brain damage due to ischaemia (see Busto 
et al. 1987; Minamisawa et al. 1990a), and also that drugs 
with allegedly protective effects against ischaemia may at 
least in part act by lowering body temperature (Buchan 
and Pulsinelli 1990; Corbett et al. 1990; Kuroiwa et al. 
1990). It is equally well established that moderate hyper- 
thermia has adverse effects on the ischaemic brain (Di- 
etrich et al. 1990; Dietrich et al. 1991 ; Minamisawa et al. 
1990a, b). These results raise the question whether the hy- 
perthermia arising as a result of the MCA occlusion with 
an intraluminal filament aggravates the ischaemic dam- 
age, e.g. explaining the large infarcts and the high mortal- 
ity observed after occlusion periods of 3 h, or longer. 

In conclusion, important evidence for a participation 
of free radicals in the events leading to ischaemic brain 
damage rests on results which reflect the ameliorating 
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effects of  free rad ica l  scavengers.  In this respect ,  the 
presen t  results  are  d i sconcer t ing  in the sense tha t  the 
ame l io ra t i ng  effect of  an  es tab l i shed  free rad ica l  scav- 
enger  ( D M T U )  seems, at  least  in par t ,  s econda ry  to a 
depress ion  of  b o d y  t empera tu re ;  fu r thermore ,  since the 
effect was no longer  a p p a r e n t  after 48 h or  7 days  of 
recovery,  the results  raise the ques t ion  of  whe ther  some 
drugs,  inc luding  free rad ica l  scavengers ,  mere ly  p o s t p o n e  
the u l t ima te  d a m a g e  incurred .  This  ques t ion  can only  be 
answered  by  add i t i ona l  exper iments  in which  t empera -  
ture is accura te ly  cont ro l led ,  r epea ted  doses are  given of  
the d rug  tested and  i schaemic  d a m a g e  is assessed after 
long recovery  per iods .  
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