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Abstract—Changes in the maximal rate of some cerebral enzymatic activities related to energy trans-
duction (lactate dehydrogenase; citrate synthase and malate dehydrogenase; total NADH-cytochrome
¢ reductase and cytochrome oxidase) as well as both glutamate dehydrogenase and acetylcholine esterase
were assayed in the purified mitochondrial fraction or in crude synaptosomal fraction from cerebral
cortex. The evaluations were performed in rats before and after a postdecapitative normothermic
ischemia of 5, 10, 20 and 40 min duration. The ischemic damage resulted in a decrease in the activity
of mitochondrial malate dehydrogenase and total NADH-cytochrome c¢ reductase, and of synaptosomal
acetylcholine esterase.

The biochemical evaluations were performed also after an i.p. pretreatment with vincamine, tri-
metazidine and suloctidil (50 mg/kg). The drugs induced different changes in enzyme activities as a
function of the ischemia duration. These various interferences are discussed with regard to the possible
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drugs mode of action.

Whether the cerebral blood flow is stopped (e.g.
vascular occlusion, increased intracranial pressure,
asystole or severe arterial hypotension) or cut off
(e.g. decapitation), the brain becomes a closed ther-
modynamic system in which the energy transduction
is limited to the degradation of endogenous sub-
strates. The concept of irreversible damage that
occurs in normothermic animals after a period of
complete ischemia for more than 5-10 min has been
previously postulated [1-6]. Nevertheless, more
recent experimental data show that, under particular
conditions, the neuronal activity may be restablished
after longer ischemic periods [7-12]. In any case,
many interrelated factors have been implicated in
the vulnerability of the brain to ischemic damage,
including: (a) changes in cerebral circulation; (b)
brain edema; (c) oxygen and substrates deprivation;
(d) tissular lactate or other end-products accumu-
lation; (e) modifications of chemico-physical con-
ditions; (f) alterations in membrane phospholipid
composition; and (g) changes in cerebral enzymatic
activities.

Although the precise nature of the processes bring-
ing about cerebral damage is largely unknown, in
the present study we sought to determine the
response to postdecapitative ischemia and pharma-
cological treatment of some brain cortex enzymatic
activities related to the energy transduction. The
rationale of this approach is the following: when the
cerebral circulation is totally and suddenly inter-
rupted, the brain can obtain energy from the rear-
rangement of the enzymatic activities related to both
carbohydrates and amino acids. For example, the
cerebral ischemia of the adult rats resulted in a
decrease in the NADP-dependent isocitrate dehy-

drogenase activity in mitochondrial external mem-
branes by about 40 per cent, without significant
changes in enzyme specific activity in the internal
membranes and matrix [13]. In addition the pro-
portion of the active form of pyruvate dehydrogenase
was found to increase in ischemia, known to lead to
an elevation of ADP content and decrease of the
ATP:ADP ratio in the brain [14]. On the other hand,
ischemia resulted in the diminution of both Na*-K*-
ATPase activity in the brain cortex microsomal frac-
tion [15] and of glucose 6-phosphatase activity in
microsomal fraction, with concomitant increase in
enzyme activity in the cytosol [16].

In any case, as regards the energy transduction,
data concerning the behaviour of enzymatic activities
of brain cortex during ischemia were recorded at
different periods of ischemic damage. Therefore this
work is intended to overcome it, besides being aimed
at detecting the changes in the maximal rate of some
enzymatic activities: (a) at short and regular intervals
of time (after 5, 10, 20 and 40 min of postdecapitative
ischemia); (b) in two cortical subcellular fractions
(purified mitochondria and crude synaptosomes);
(c) evaluating some enzyme activities of glycolytic
pathway (lactate dehydrogenase), Krebs’ cycle (cit-
rate synthase; malate dehydrogenase), electron
transport chain (total NADH-cytochrome ¢ reduc-
tase; cytochrome oxidase), amino acid metabolism
(glutamate dehydrogenase) and acetylcholine
metabolism (acetylcholine esterase); and (d) utilizing
drugs used in the medical management of cerebral
ischemia (vincamine, trimetazidine, suloctidil). At
any rate, this paper does not intend to tackle the
problem of describing or predicting therapeutic
measures with regard to acute cerebrovascular insuf-
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ficiency in humans. Rather, drugs are used as tools
able or unable to affect the cerebral enzymatic reac-
tivities in a biological model of total complete and
irreversible ischemia.

MATERIALS AND METHODS

The experiments were performed on female
Sprague-Dawley rats, weighing 250 + 10g, that
were fasted overnight before the utilization. The
animals were selected according to randomized
experimental procedures, kept from the birth under
standard cycling and caging conditions (temperature:
22 £ 1°; relative humidity: 60 = 3 per cent; 12-hr
day cycle; from 7:00 a.m. to 7:00 p.m.; low noise
disturbances), fed a standard pellet diet and water
ad lib., housed three and subsequently two per cage.
The time course of ischemia performed in the lots
was established by permutation tables.

Postdecapitative normothermic ischemia [13] was
performed for 5, 10, 20 and 40 min, always starting
at 10:00 a.m. After decapitation, the brain was
removed within 15 sec from the skull and immersed
in a cold 0.32 M sucrose solution. All manipulations
were performed in a precooled box (0 to —5°). Cer-
ebral cortex was isolated, then immersed in cold
0.32 M sucrose solution and homogenized (Potter—
Braun S homogenizer, with Teflon pestle rotating at
1000 rpm) for 30 sec, with two strokes up and down.
The homogenate was submitted to differential cen-
trifugation [17] for isolating the purified mitochon-
drial fraction and the crude synaptosomal fraction.
Three centrifugations at 900 g were performed to
remove nuclei. The crude mitochondrial fraction was
obtained by two centrifugations at 11,500g for
30 min (Beckman J 21 C supercentrifuge; rotor JA
20). The crude mitochondrial fraction was subse-
quently layered on discontinuous sucrose gradient
(1.4; 1.2; 1.0; 0.8 M) and centrifuged for 2hr at
50,000 g (Beckman L5-50 Ultracentrifuge; rotor SW
50.1). The synaptosomal fraction was removed by
aspiration and then pelletted at 50,000 g, for 30 min.
All fractions were suspended in a 0.32M sucrose
solution and proteins were dosed [18]. The maximal
rate of the following enzymatic activities were evalu-
ated on samples of purified mitochondrial prep-
arations: citrate synthase (citrate oxaloacetate-lyase,
EC 4.1.3.7) [19]; malate dehydrogenase (L-
malate:NAD* oxidoreductase, EC 1.1.1.37) [20];
total NADH cytochrome c reductase (NADH cyto-
chrome c: oxygen oxidoreductase, EC 1.6.99.3) [21];
cytochrome oxidase (ferrocytochrome c:oxygen
oxidoreductase, EC 1.9.3.1) [22-23]; glutamate
dehydrogenase (L-glutamate: NAD™ oxidoreductase
deaminating, EC 1.4.1.3) [19]; on samples of crude
synaptosomal preparations, the maximal rate of the
following enzymatic activities were evaluated: malate
dehydrogenase [20]; lactate dehydrogenase (L-lac-
tate : NAD* oxidoreductase, EC 1.1.1.27) [24]; ace-
tylcholine esterase (acetylcholine hydrolase, EC
3.1.1.7) [25]. Enzymatic activities were measured by
graphic recordings for at least 3 min (Beckman 25
double-beam recording spectrophotometer) and
expressed as pmoles.min™!.(mg protein)™'. Each
value was calculated from three determinations per-
formed blindly on the same sample.
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The animals were treated with intraperitoneal
injections of: (a) saline solution; (b) vincamine theo-
phyllinil-propane sulfonate (vincamine TPS); (c) 1-
(4-isopropylthiophenyl)-2n-octylaminopropanole
(suloctidil); (d) 1-(2,3,4-trimethoxybenzyl)-pipera-
zine dihydrochloride (trimetazidine DC). The drugs
were injected at 9:00 a.m., at the dose of 50 mg/kg,
60 min before the normothermic postdecapitative
cerebral ischemia for 5, 10, 20 and 40 min duration.
The dose used was chosen after preliminary tests
with dilution 2.5 and 6.25.

Because of seasonal variations in the enzymatic
activities, the groups of ischemic rats treated with
saline solution or drug solutions were compared with
their own group of controls at each individual time
of ischemia. For statistical analysis, the Student’s
t-test was applied.

RESULTS

Drug action in control conditions (Table 1). Under
control conditions, the cerebral cortex responded to
the intraperitoneal injection with trimetazidine DC
and suloctidil with no changes in the maximal rate
of the tested enzymatic activities, both in purified
mitochondria and crude synaptosomes. On the con-
trary, vincamine TPS treatment resulted in a slight
increase of malate dehydrogenase activity in the
mitochondrial fraction, and a decrease of the ace-
tylcholine esterase activity in crude synaptosomal
fraction, by about 36 per cent.

Drug action during ischemia (Tables 2-5). After
5 min of brain ischemia (Table 2) the cerebral cortex
showed a significant decrease both of the total
NADH-cytochrome ¢ reductase activity in mito-
chondria and of acetylcholine esterase activity in
synaptosomes. Pretreatment with vincamine and tri-
metazidine did not change this response although
trimetazidine either induced a weak (P <0.05)
decrease of malate dehydrogenase activity in the
mitochondrial fraction and lactate dehydrogenase
activity in the crude synaptosomal fraction. Pretreat-
ment with suloctidil did not prevent the ischemia-
induced decrease of acetylcholine esterase activity
in synaptosomes, but clearly prevented the drop of
the total NADH-cytochrome ¢ reductase activity in
mitochondrial fraction. On the other hand, suloctidil
pretreatment resulted in an increase of both citrate
synthase and malate dehydrogenase activities in the
purified mitochondria, and of the latter activity in
synaptosomes, reaching values higher than those of
the cerebral cortex in control rats.

After 10 min of brain ischemia (Table 3), the cer-
ebral cortex showed a decrease in the malate dehy-
drogenase, NADH-cytochrome c reductase, and glu-
tamate dehydrogenase activities in the purified
mitochondrial fraction. Pretreatment with vinca-
mine, (a) was able to increase the malate dehydro-
genase activity in mitochondria and (b) decreased
the acetylcholine esterase activity in synaptosomes
respect to the control condition, the other enzymatic
activities being unchanged in respect to those of the
ischemic saline solution-treated rats. Pretreatment
with trimetazidine maintained the ischemia-induced
decrease of some specific enzymatic activities (malate
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dehydrogenase, total NADH-cytochrome ¢ reduc-
tase, glutamate dehydrogenase in mitochondria;
acetylcholine esterase in synaptosomes) and resulted
in a decrease of other mitochondrial enzymatic
activities, such as citrate synthase and cytochrome
oxidase. Pretreatment with suloctidil maintained the
ischemia-induced decrease of the above-quoted spe-
cific enzymatic activities, resulting on the other hand
in a decrease of other mitochondrial (citrate syn-
thase; cytochrome oxidase) and synaptosomal ones
(malate dehydrogenase; acetylcholine esterase).

After 20 min of brain ischemia (Table 4), the cer-
ebral cortex showed a decrease in malate dehydro-
genase and total NADH-cytochrome ¢ reductase
activities in the purified mitochondrial fraction and
a slight but significant decrease of acetylcholine
esterase activity in the crude synaptosomal fraction.
The pretreatment with the tested drugs did not
change this ischemia-induced decrease of the above-
quoted enzymatic activities, but resulted also in the
decrease of glutamate dehydrogenase activity for
suloctidil.

Also after 40 min of brain ischemia (Table 5), it
was observed the decrease of total NADH cyto-
chrome c reductase activity in mitochondria and of
acetylcholine esterase activity in synaptosomes. At
this time the pretreatment with the tested drugs
maintained this ischemia-induced decrease of the
above-quoted enzymatic activities, but resulted also
of: (a) glutamate dehydrogenase and synaptosomal
malate dehydrogenase activities, for trimetazidine;
(b) malate dehydrogenase and cytochrome oxidase
activities, for suloctidil; (¢) mitochondrial malate
dehydrogenase, cytochrome oxidase and glutamate
dehydrogenase activities for vincamine.

DISCUSSION

As stated in the introduction, one of the objec-
tives of the present research was to study the changes
in the maximal rate of some enzymatic activities
related to the energy transduction and evaluated
both in the purified mitochondrial preparation and
in the crude synaptosomal fraction from rat cerebral
cortex, during total normothermic ischemia of 5, 10,
20 and 40 min duration. At mitochondrial level as
concerns the enzymes related to the Krebs’ cycle,
malate dehydrogenase decreased in activity at 10
and 20 min of ischemia, with a partial restitution of
the value after 40 min of ischemia. As concerns the
enzymes related to the electron transport chain, total
NADH-cytochrome ¢ reductase decreased in activity
from 0 to 40 min of ischemia. Glutamate dehydro-
genase exhibited a significant decrease in activity
only at time 10 min of the ischemic period. At syn-
aptosomal level, acetylcholine esterase decreased in
activity at 5, 20 and 40 min of ischemia, lactate
dehydrogenase and malate dehydrogenase being
unchanged.

These findings are consistent with the rearrange-
ment of some enzymatic activities observed by other
authors during cerebral ischemia. Indeed, the active
form of pyruvate dehydrogenase was described to
increase by about 40 per cent in forebrain of gui-
nea-pig subjected to 3 min postdecapitative ischemia
[26]. In control condition, the active form of the
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enzyme represents 62 per cent of total enzyme
activity [26]. This means that in ischemia the active
form of this enzyme makes as much as 90 per cent,
indicating that the active form of pyruvate dehydro-
genase in the brain strongly depends upon its func-
tional state. In fact, regulation of pyruvate dehy-
drogenase activity underlies various mechanisms,
such as the protection of the enzyme against inac-
tivating action of pyruvate dehydrogenase kinase
[27] and the inhibition by acetyl-CoA [28] or NADH
[29], of which the level is related both to the func-
tional state of mitochondria and to the rate of gly-
colysis. In the case of a 5 min normothermic post-
decapitative ischemia it was found in guinea-pig brain
changes in glucose-6-phosphatase distribution
accompanied by a decrease in phosphatidylcholine
and phosphatidylethanolamine content, indicating
that during postdecapitative ischemia the activation
of endogenous membrane-bound phospholipases
occurs [16]. Furthermore, 0.5-5 min postdecapita-
tive ischemia [30] resulted in a strong decrease of
phospholipids content of guinea-pig cerebral mito-
chondria, particularly in the ethanolamine phospho-
lipid fraction, consistent with the increase of both
the free fatty acids pool and the level of malonyl-
dialdehyde, one of the end products of unsaturated
lipid peroxidation. Indeed, during prolonged
ischemia a tissular increase of free fatty acids (FFA)
[31,32] and of their oxidation products [30] takes
place. These events appear to be the primary cause
of a mitochondrial damage such as e.g. the uncou-
pling of oxidative phosphorylation [13, 31]. In par-
ticular, the increase of FFA is an event which occurs
during the first 0.5 min of ischemia (about 32 per
cent increase) reaches about 34 per cent after 6 min
of postdecapitative normothermic ischemia [30] and
then gradually but moderately increases up to 50 min
since the beginning of ischemia [32]. The accumu-
lation of peroxide oxidation products in mitochon-
drial membranes causes: uncoupling of oxidative
phosphorylation [33, 34], swelling of mitochondria
and changes on membrane permeability [35, 36]. In
the present research, the ischemia resulted in a
decrease in the activity of mitochondrial malate
dehydrogenase and total NADH-cytochrome c
reductase, and of synaptosomal acetylcholine ester-
ase. On the other hand, in the synaptosomal fraction,
the cytochrome oxidase activity (0.100 +
0.010 pmoles.min™!.(mg protein)~!, in cerebral cor-
tex of control rats) raised to 0.170 = 0.014 in 20 min
ischemic rats treated with saline solution and to
0.171 £ 0.020, 0.166 + 0.031 and 0.156 + 0.016 in
20 min ischemic rats pretreated with vincamine, tri-
metazidine and suloctidil, respectively. This increase
in cytochrome oxidase activity (P < 0.01) observed
in synaptosomes during ischemia may be ascribed
to functional and morphological damages of the
phospholipids of mitochondrial membranes [33-36].
Therefore, the analysis of the present results and of
the literature data allows to suggest the occurrence
in brain tissue of a variety of interrelated factors
implicated in the ischemia-induced changes of the
maximal rate of the mitochondrial enzymatic activi-
ties related to the energy transduction. These
include: (a) rearrangement of the enzymatic activi-
ties because of the changed metabolic and chemico-
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Effect of ischemia and pharmacological treatment

physical conditions in the cerebral cortex; (b) swell-
ing and lysis of mitochondria due to an increase of
free fatty acids [31, 37, 38] and of free radical oxi-
dation processes of unsaturated fatty acids
[30, 35, 36], with change of membrane permeability
and uncoupling of oxidative phosphorylation
31,371

Furthermore, another of the objectives of this
study was to evaluate the possible effect of some
drugs during complete ischemia. As concerns the
enzymes tested, the possible changes induced by the
drugs studied in the present research should be
observed particularly after 5 or 10 min of ischemia;
at the subsequent times the physiopathological
phenomena prevailed over the pharmacological
treatments carried out. Vincamine TPS increased
the malate dehydrogenase activity in the purified
mitochondrial fraction from cerebral cortex of nor-
mal rats. This action occurred in the brain of 10 min
ischemic rats, but not at the subsequent times of
ischemia. Furthermore, vincamine decreased the
activity of acetylcholine esterase in the crude syn-
aptosomal fraction from cerebral cortex of normal
rats. Ischemia itself resulted in a decrease in the
activity of this enzyme and vincamine pretreatment
did not change this behaviour neither magnified the
statistical difference from control values. Pretreat-
ment with the drug induced a decrease of citrate
synthase after 20 min of ischemia and of both cyto-
chrome oxidase and glutamate dehydrogenase after
40 min of ischemia, these enzymatic activities being
unaffected at the previous time of ischemic damage.
On the other hand, also the pretreatment with sul-
octidil showed a biphasic time course of action during
ischemia. In fact, the drug prevented and reversed
the decrease induced by 5 min ischemia on the cer-
ebral total NADH cytochrome ¢ reductase activity.
Besides, at this time the drug increased the activity
of mitochondrial and synaptosomal matate dehydro-
genase and of mitochondrial citrate synthase at val-
ues higher than those of normal rats. However, at
the subsequent times of ischemia, the trend of sul-
octidil action resulted in an inhibition of both the
above-quoted enzymatic activities and of the cyto-
chrome oxidase and glutamate dehydrogenase activi-
ties, the effect being much less evident after 40 min
of ischemia. Also the effects induced by trimetazi-
dine DC are quite different according to the time of
ischemia duration, although the trend of the drug
action is an inhibitory one. In fact, pretreatment
with trimetazidine resulted in a decrease of lactate
dehydrogenase activity at the early period after
ischemia induction, while the inhibition of citrate
synthase, cytochrome oxidase and glutamate dehy-
drogenase activities were delayed and decreased at
the last time of ischemia. At present it is impossible
to establish whether drugs action is related to a
rearrangement of enzymes activities or to changes
in mitochondrial membrane structures. In any case
it should be stressed that the present data on vin-
camine, suloctidil and trimetazidine action on cer-
ebral enzymatic activities are consistent with the
effects induced on the same enzymes by subchronic
treatment performed in normal adult rats {39].
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