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FUNCTIONAL EVALUATION OF TEMPORARY
FOCAL CEREBRAL ISCHEMIA

Experimental model
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ABSTRACT - Objective: Despite cerebral ischemia being a frequent clinical pathologic state, the tolerance of
neural tissue to oxygen absence and to reperfusion is controversial. This study aims to evaluate the effects of
focal cerebral ischemia/reperfusion, by analyzing the mitochondrial respiration. Method: Sixty-four adult rats
underwent focal cerebral ischemia by middle cerebral artery occlusion, during 15, 30 and 60 minutes, followed
by 10 minutes or 19 hours of reperfusion. The effects of ischemia were analyzed measuring the O2 consumption
by mitochondria in the ischemic and non-ischemic areas. Results: There was compromise of the mitochondrial
respiration after 30 and 60 minutes of ischemia, followed by 10 minutes of reperfusion but there was no
alteration in this function after 19 hours of reperfusion. Conclusion: Compromise of the mitochondrial function
occurred after 30 minutes of ischemia but, until one hour of ischemia, if the reperfusion was prolonged there
was no evidence of ischemic/reperfusion injuries.
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RESUMO - Objetivo: Apesar da isquemia cerebral focal ser um estado patológico freqüente, a tolerância do
tecido nervoso à ausência de oxigênio e à reperfusão é controversa. Este estudo visou avaliar os efeitos da
isquemia/reperfusão cerebrais focais através da respiração mitocondrial. Método: Sessenta e quatro ratos
adultos foram submetidos a isquemia cerebral focal por oclusão da artéria cerebral media durante 15, 30 e 60
minutos, seguida de reperfusão por 10 minutos e 19 horas. Os efeitos da isquemia/reperfusão foram analisados
medindo-se o consumo de O2 pelas mitocôndrias nas áreas isquêmicas e não isquêmicas. Resultados: A
respiração mitocondrial mostrou-se alterada após 30 e 60 minutos de isquemia seguidos por 10 minutos de
reperfusão mas apresentou-se inalterada após 19 horas de reperfusão. Conclusão: O comprometimento da
função mitocondrial ocorreu após 30 minutos de isquemia, porém, até uma hora de isquemia e reperfusão
prolongada não foram observadas alterações pós-isquemia/reperfusão.
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Despite many experimental studies and great cli-
nical experience, the treatment of cerebral ischemia
is still a difficult problem.1 The ideal therapeutic
reperfusion after some time of ischemia can con-
tribute to worsen tissue conditions, a phenomenon
called �reperfusion injury�2,3. This situation is com-
monly seen in the neurosurgical practice during tem-
porary clipping of vessels, when short-period of
ischemia followed by reperfusion are produced. The-
re is some controversy about the tolerance time of
cerebral tissue to the absence of oxygen and glucose

supply and to the role of the reestablishment of
blood flow on the tissue lesion. Attempts have been
made to establish time parameters to temporary is-
chemia without injuries to the brain using clinical
and experimental studies4-6. Among several methods
for evaluating the effects of the ischemic and reper-
fusion insults to the brain, the metabolic evaluation
such as the mitochondrial respiration or measures
of involved enzymatic activity, can give precocious
information about the energetic state of the neuron
and the functional capacity after reperfusion6-10. Ex-
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perimental studies showing the mitochondrial res-
ponse to short period focal ischemia followed by
reperfusion could not be found in the literature.

The maintenance of a reduced blood flow in the
periphery of the ischemic area allows the occurrence
of cellular dysfunction without imminent death, that
permits the cellular recuperation depending on the
time and intensity of ischemia11-17. This territory, known
as penumbra zone, is the goal of recuperation at-
tempts in definitive ischemias and probably the place
where metabolic changes that can cause the reperfu-
sion injury. There are no histopathological changes in
the presence of short period ischemia11,13-15. Deterio-
ration of the energetic state and metabolic changes
occurs earlier and can be seen about 5 minutes after
the ischemia; they are more pronounced in the cen-
tral zone than in the penumbra zone and it seems
that it does not progress in the first 30 minutes16.

During the ischemic process the mitochondrial
respiration is inhibited by the association of pheno-
mena as Ca++ excess, lactic acidosis overload and
degradative enzymes action, which delay the provi-
sion of ATP to the cell12,17,18. The restoration of O2

and glucose supply to the cell allows the restablish-
ment of the oxidative phosphorylation, but can trig-
ger a series of biochemical reactions that affects the
recuperation of the mitochondria, and acts against
the beneficial effect of the reperfusion, producing
the �reperfusion injury�2,15,17-19. The mitochondrial
respiration can be measured through the consump-
tion of O2 during the procedure, either in the pre-
sence of substratum (state 3) or in rest (state 4). The
consumption of O2 can be registered in a graphic
and calculated for a given time (Fig. 1). There is a
decrease of about 50% and 75% after 15 and 30

minutes of ischemia, respectively, in the consumption
of O2 (state 3). In the state 4, the consumption of O2

continues stable during ischemia lasting less than 1
hour and it is reduced after longer periods of ische-
mia15. These changes indicate that in early stage the
mitochondrial mechanism of respiration coupling is
compromised, and after 1 hour or more of ischemia,
the mitochondrial respiration is affected even in res-
ting. After short periods of reperfusion (30 minutes
or less), the mitochondrias of the areas completely
affected tend to recover its function in full. After
longer periods of ischemia, recovery the mitochon-
dria function is partial and the consumption of O2

remain lower than those in the pre-ischemic pe-
riod8,9,18. In incomplete ischemic areas, with the same
duration, the consumption of O2 continue below the
values obtained in the mitochondria which were not
affected by ischemic aggression17. Studies in which
similar periods of ischemia were used showed that,
after periods of reperfusion, there is a deterioration
in the consumption of O2 indicating degradation of
the mitochondria, probably due to structural or func-
tional changes induced by enzymatic action.

The aim of this study is to evaluate the effects of
focal ischemia followed by reperfusion in the cerebral
cortex of rats, analysing the mitochondrial function.

METHOD
The experiments were performed using 64 male, adult

Wistar rats, each weighing between 282 and 305g, which
were kept in cages in the pre-surgical period with free
access to food and water. Four groups of 10 animals and
3 of 8 animals each were included in this study: animals
of groups 1 to 3 were submitted to ischemia of 15, 30
and 60 minutes respectively, and reperfusion of 10 minu-
tes. The fourth group was a control (sham). Animals of
groups 5 to 7 were submitted to ischemia of 15, 30 and
60 minutes respectively, and reperfusion of 19 hours.

Induction of Ischemia - Anesthesia was induced th-
rough inhalation of halothane in a glass campanula and
kept with a vaporizer linked to a mechanical respirator
after endotracheal intubation. Mean blood pressure was
monitored through a PE 50 catheter inserted in the tail�s
artery and arterial blood samples were periodically collec-
ted for gases analysis. The mean arterial pressure was kept
between 80 and 90 mmHg and the pCO2 between 34-
42mmHg, adjusting the parameters of the respirator. Body
temperature was continuously recorded by a rectal term-
resistor linked to a biological monitor, and it was kept
between 37 and 38º C using a 220v lamp next to the ani-
mal. The cervical vessels were exposed through a median
ventral cervical incision in the skin, under the surgical mi-
croscope. The obstruction of the middle cerebral artery
was performed by inserting a 4-0 nylon suture in the left
internal carotid artery via external carotid artery, until it

Fig 1. Graphic of consumption of  02  (adapted from Curti &
Uemura,1998).
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reach and occlude the ostium of the left middle cerebral
artery.20 Following the ischemia, the obstructer was
removed allowing reperfusion of the ischemic area. After
reperfusion, the brain and samples of tissue for analysis
were rapidly removed and the animals were sacrificed with
a massive doses of halothane. The animals submitted to
prolonged reperfusion were recovered from the anesthesia
and sent back to their cages until the time for removal of
the brain.

Evaluation of O2 consumption during mitochondrial
respiration - The cerebral cortex was isolated and 4 samples
of brain tissue were got from the ischemic/reperfused area
(central left-CL), from the contralateral symmetric area
(central right-CR), and two peripheral symmetric areas
(right peripheral - RP, and left peripheral - LP) which
represented the remainder cortex out of the middle cere-
bral artery territory. The samples of brain tissue were
washed in saline solution at 0 to 4º C and the mitochon-
drias were isolated using differential centrifugation21,22.
The consumption of O2 by the mitochondrias using the
pyruvate/malate substrate was obtained using a Gilson�s
oxigraph (Medical Electronics - USA), attached to a Clark�s
electrode. The consumption of O2 in the states III and IV

and the RRC (rate of respiratory control), were calculated
using the graphic obtained in the oxygraph (Fig 1).6 The
state IV were got adding 2 mg/ml of mitochondrial protein
to 1,4 ml of the respiration substratum and the state III
adding 200 moles of MgADP to the state IV. The values of
states III and IV were obtained projecting two lines over
the curves corresponding to these states and two other
line parallels to the X and Y-axis were traced to form a
right-angled triangle with the former (Fig 1). The side of
this triangle parallel to X-axis should measure 1,5 cm, cor-
responding to a 1 minute in the graphic. The extension of
the other side can be used as values expressed in nmoles
of O2 consumed in one minute. As the amount of mito-
chondrias put into the O2 chamber was 2,0 mg, dividing
the obtained value by 2, the mitochondrial respiration was
expressed in nanoatoms of O2/minute/mg of mitochondria.

Statistical analysis - The comparisons among the para-
meters of the mitochondrial respiration (state 3, state 4
and RRC), were performed using the Friedman non-para-
metric test to gauged samples for comparing the 4 samples
of the same animal. In the case of occurrence of any diffe-
rence, the results were submitted to the multiple compa-
rison test based in the additions of Friedman postulates.

Table 1. Mean consumption of O2 by the mitochondrias in the moles/min/mg in states III and IV and in the RRC.

Group    State Left central Left Right Right p
central peripheral central peripheral (p<0.05)
area area area area

(Mean ± SD) (Mean ± SD) (Mean ± SD) (Mean ± SD)

Group I III 69.73±13.68 82.47±17.06 75.43±21.14 83.12±21.72 0.08
15�i+10�r IV 23.73±7.49 23.94±8.64 24.11±10.39 21.17±6.33 0.49

RRC 3.13±0.85 3.76±1.21 3.40±0.88 4.10±1.11 0.04*

Group II III 44.30±12.85 69.79±23.48 51.98±19.59 64.58±17.66 0.0002
30�i+10�r IV 12.97±5.39 22.45±9.00 17.02±6.82 18.08±6.63 0.0008

RRC 3.67±1.23 3.21±0.59 3.24±0.86 3.80±1.09 0.07

Group III III 41.83±12.07 65.14±15.30 52.62±19.59 67.52±18.05 0.0001
60�i+10�r IV 19.20±7.26 24.75±7.49 21.06±9.38 26.13±9.25 0.03*

RRC 2.45±0.59 2.89±0.71 2.82±0.66 2.97±0.81 0.09

Group IV III 70.10±19.54 78.02±23.01 68.01±20.42 82.80±28.21 0.04*
(sham) IV 20.83±8.14 26.13±9.53 21.90±9.03 21.90±6.69 0.06

RRC 3.64±0.99 3.11±0.56 3.38±1.06 3.66±0.66 0.61

Group V III 57.96±12.09 87.99±21.12 81.19±24.27 94.30±17.69 0.003
15�i+19h r IV 19.09±3.25 27.15±7.28 20.70±6.12 27.36±6.98 0.05

RRC 3.08±0.66 3.35±0.79 4.22±1.38 3.70±0.99 0.19

Group VI III 51.98±11.75 69.00±16.22 58.19±20.75 69.46±18.50 0.01
30�i+19h r IV 16.79±5.20 23.69±9.11 18.40±11.71 19.90±6.51 0.04*

RRC 3.34±1.10 3.01±0.55 3.27±0.49 3.57±0.89 0.35

Group VII III 49.00±16.90 64.63±17.61 63.48±26.00 70.61±17.73 0.01
60�i+19h r IV 19.51±12.50 23.95±19.17 22.48±15.85 24.55±16.02 0.15

RRC 2.97±1.11 3.58±1.56 3.41±1.55 3.54±1.48 0.33

* Non significant when submited to multiple comparisons test. RRC, respiration rate control; i, ischemia; r, reperfusion; h, hours.
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O2 by the mitochondria in the stages III and IV and
of the RRC in the different areas of the same group.

The O2 consumption by the mitochondrias in sta-
tes III and IV in the different areas were similar in
samples of animals of the groups 1 and 4. The RRC
values were similar in different areas in samples of
animals in each one of the groups.

There was a significant reduction in the O2 con-
sumption in the central in relation to the peripheral
areas in the state III (non parametric Friedman test,
p = 0.0002) and there was a significant decrease in
the consumption of O2 in the ischemic area in relation
to the left peripheral area in the state IV (non para-
metric Friedman test, p = 0.0008) in the samples
from the animals of group 2 (30 minutes of ischemia
follwed by 10 minutes of reperfusion).

The O2 consumption was significantly reduced in
the left central areas (ischemic) in relation to the
peripheral areas in the state III after 60 minutes of
ischemia follwed by 10 minutes of reperfusion (group
3) (non parametric Friedman test, p = 0.0001).There
was significant decrease in the consumption of O2 in
the central left area in relation to the peripheral area
in the state III in the samples from the animals of group
5 (15 minutes of ischemia follwed by 19 hours of
reperfusion) (non parametric Friedman test, p =
0.003). The central left areas presented a significant
reduction in the consumption of O2 in relation to the
left peripheral areas in state III in samples of animals
of group 6 (30 minutes of ischemia follwed by 19 hours
of reperfusion) (non parametric Friedman test, p =
0.01). It was observed a significant decrease in the
consumptions in the central left area in relation to the
right peripheral area in state III in the group 7 (60
minutes of ischemia follwed by 19 hours of reperfu-
sion) (non parametric Friedman test, p = 0.01).

Figures 2 to 4 present the results of mitochondrial
function evaluation through its respiration in the
state III and IV, and the values of the RRC, obtained
in the ischemic area in samples from animals of the
different groups. There was a significant reduction
in the consumption of O2 in the state III in the
samples from animals of the group 2 in relation to
the animals of group 1 and the consumption of O2

in the samples from animals of group III were
significantly reduced in relation to animals of groups
1 and 4 (non parametric Kruskal Wallis test, p =
0.0006). Regarding the state IV, there was significant
decrease in the consumption of O2 in samples of
group 1 in relation to group 2 (non parametric
Kruskal Wallis test, p = 0.04). The RRC values were
similar among all the studied groups.

Fig 2. Mean consumption of O2 by mitochondria in nmoles/min/
mg in the state III, in the left central area in different groups (p =
0.0006 (GII < GI; GIII < GI; GIII < GIV).

Fig 3. Mean consumption of O2 by mitochondria in nmoles/min/mg in
state IV, in left central area, in the different groups; p = 0.04 (GII < GI).

Fig 4. Mean rate of respiration control in the left central area in
the different groups; p = 0.09.

Comparison between the ischemic areas (central left area)
and the non-ischemic areas in the different groups were
performed using the Kruskal-Wallis non-parametric test.
An α-error value not exceeding 5% was considered signi-
ficant for the two-tailed tests.

RESULTS
Table 1 shows the mean of the consumption of
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DISCUSSION

After the focal ischemic insult to the cerebral
tissue some functional and histological changes
occur and are identified in many ways of evalua-
tion6,7,23. The restoration of the blood flow creates a
possibility of stopping or reverse the ischemic process
but it can lead to electrolytic and biochemistry
alterations that become impossible the recuperation
or can still aggravate the initial insult. This situation
is known as �reperfusion injury�3. These modifica-
tions and its consequences are associated to the level
of reduction of the blood flow and to the reduction
or absence of blood flow2,24. Due to the difficulty of
standardizing the clinical studies for evaluation of
the ischemic/reperfusion phenomenon, experimen-
tal studies have been used, often using rats, although
the transposition of these results to human beings
has some limitations.6,12

In the present study halothane was used as anes-
thetic agent because it is considered safe and does
not interfere on the mitochondrial respiration25 and
there was no technical difficulties for performing the
surgical procedures; the homeostatic parameter was
also kept according to the similar studies for reducing
interferences in mitochondrial respiration6. The ana-
lysis of mitochondrial respiration for functional eva-
luation of the effects of ischemia and reperfusion is
justified because changes in this function are the
first pathophysiological occurrence after the ische-
mia17-19, and because it�s a biochemical method that
can be precisely measured6.

Experimental studies showing the mitochondrial
response to short period focal ischemia followed by
reperfusion could not be found in the literature. So-
me experimental studies using longer periods of is-
chemia/reperfusion have showed partial or total
functional recovery of the mitochondria after this
phenomenon. Two hours of focal brain ischemia in
rats, O2 consumption descreased to about 40% of
control, improved to about 80% after 1 hour of reper-
fusion, but then decreased to about 60 and 50% of
control after 2 and 4 hours of reperfusion9. Other
authors observed that there was complete restora-
tion of the mitochondrial function after 2 hours of
ischemia followed by 2 hours of reperfusion and that
this restoration persisted until 5 hours after the is-
chemia15. In a general way, the data from the litera-
ture show that short periods of ischemia are less
aggressive to the mitochondria and also that the
reperfusion leads to a partial or total mitochondrial
recovery in its initial period and, after that, there is a
decline in its function that is ischemia duration-

related18,19. Other factors as high temperature,
acidosis and increased glucose level can also contri-
bute to aggravate the damage20. The results obtained
in this study in the different cortical areas of the
�sham� group (group 4), indicate a tendency to re-
duction in the consumption of O2 in the central areas
than in the peripheral ones in the state III, but there
was no statistic difference. In the state IV, the O2

consumption remained similar and the same occurred
with the RRC values. These data were different from
the data obtained by Carlotti Jr. et al.6 that found
significant difference between the O2 consumption in
the central and peripheral areas, in the state III.

The analysis of the different areas in each group
of this study showed that to the �sham� group and
to the group 1 (15-minutes of ischemia), followed
by reperfusion and evaluated in a short period, the
O2 consumption was similar. In the other groups, in
the state III, the ischemic area was always different
compared to at least one of the control areas of the
animal. In the state IV, only in the group 2, the left
central area presented less consumption related to
at least one of the controls. The RRC was similar to
all the areas in all the situations. These results de-
monstrate that short periods of ischemia followed
by reperfusion do not affect the mitochondrial res-
piration. After longer periods of ischemia (30 and
60 minutes) followed by short period reperfusion
there was a reduction in the mitochondrial respira-
tion function during the coupling mechanism (state
III). Only in the group 2 there was a significant com-
promising of the state IV (state of mitochondrial res-
piration rest). Sixty minutes of ischemia followed by
10 minutes reperfusion caused reduction in the mito-
chondrial respiration in the state IV, but it was not
significant. Compromising of the state IV after short
periods of ischemia followed or not by reperfusion,
both in global and in focal ischemia, is not related
in the literature. In the left central area (ischemic
area), it was detected differences of O2 consumption
in the states III and IV, between the groups 1 and 2,
and in the state III between the groups 1 and 3 and
groups 3 and 4. There was a tendency to lower con-
sumption of O2 in the group 3 when compared with
group 2 (not significant). Among the groups �sham�,
1, 5, 6, and 7 there was not significant difference in
the consumption. The evaluation of these results sug-
gests that the focal ischemia after periods of 30 mi-
nutes or more causes alterations in the mitochondrial
respiration. The reperfusion does not reverse the si-
tuation immediately (these results are similar to that
obtained by Carlotti Jr. et al.,6 using ischemia without
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reperfusion). On the other hand, these results are
different from the ones obtained by other authors
that, studying the focal ischemia found alterations
in the mitochondrial respiration only after longer
ischemic periods.9,15 In the groups subjected to longer
reperfusion (19 hours) the mitochondrial O2

consumption was similar to the control group
(sham), and was independent of the duration of the
ischemia. This suggests a recuperation of the mito-
chondrial respiratory function damaged during those
periods (30 and 60 minutes). Another possibility
would be the participation of mitochondria of in-
flammatory cells during longer periods of ischemia.
The decline in the mitochondrial respiration after so-
me hours of reperfusion in global ischemia of simi-
lar or longer-duration or focal ischemia with duration
longer than 60 minutes has been observed by other
authors8,10,26. These results were not observed in this
study in which the reperfusion time was around 19
hours, suggesting that the effects of reperfusion
were beneficial in this situation. On the other hand,
it is possible that the respiration worsening had not
been detected here because the period of ischemia
was not long enough to produce electrolytic and
metabolic changes in the mitochondria and start the
mechanism that cause an irreversible process. When
compared with morphological analysis of the
ischemic cortical area14,27, the alterations in the mito-
chondrial respiration is detected much earlier and it
is, therefore, a favorable method when trying to esta-
blish a therapeutic window or the safety time for
interruption in the cerebral blood flow during neu-
rosurgical vascular procedures. In this study, the eva-
luation of the mitochondrial respiration was not mo-
dified until 15 minutes of ischemia and seemed reco-
vered after one-hour ischemia followed by 19 hours
of reperfusion, suggesting a safety interval to the
maintenance of the mitochondrial function and sur-
vival of the neurons. Similar evaluations in other spe-
cies can contribute to approach the maximal
objective, that is, to assure an �ischemic window�
during which irreversible damages to the human cor-
tex do not occur.

CONCLUSION
Short duration focal ischemia of cerebral cortex

of rats (15 minutes) followed by short (10 minutes)
or extended reperfusion (19 hours) did not change
the mitochondrial respiration. Longer ischemic
periods (30 to 60 minutes) followed by 10 minutes
of reperfusion reduced the O2 consumption. Never-
theless, this was not detected after 19 hours of reper-
fusion. Short (10 minutes) or extended reperfusion

(19 hours) did not increase the deleterious effects
of the ischemic phenomenon.
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