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TNF-� in cerebral cortex and cerebellum is affected by amygdalar kindling
but not by stimulation of cerebellum. L.S. GODLEVSKY, A.A. SHANDRA,
A.A. OLEINIK, R.S. VASTYANOV, V.V. KOSTYUSHOV, O.L. TIMCHI-
SHIN. Pol. J. Pharmacol., 2002, 54, 655–660.

One group of male Wistar rats was kindled by electrical stimulation (ES)
of the amygdala, one group was sham operated, while other rats were stimu-
lated in the paleocortex of the cerebellum. The kindled generalized clonic-
tonic seizures were followed by a net increase of the tumor necrosis factor-�
(TNF-�) content both in the cerebral cortex (from 34.7 ± 6.0 to 76.7 ± 6.9
pg/mg of wet brain tissue) and cerebellum (from 106.6 ± 17.7 to 193.8 ±
29.8 pg/mg of wet tissue) in comparison with the data from sham-operated
animals. This effect was observed 24 h after the induction of the last kindled
seizures. ES of the cerebellum (100 Hz) was not followed by any changes in
TNF-� content in the cortex and cerebellum. Moreover, kindling was not
followed by any changes in thiol/disulfide system, but ES of the paleocere-
bellum induced an increase in free thiol groups in the cortical tissue. It can
be concluded that the increase in TNF-� content is specific for the kindling
process and that the antiepileptic effects of cerebellar ES might be realized
via an intensification of antioxidative processes in the neural tissue.
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INTRODUCTION

There are more and more indications that cyto-
kines are involved in determining neural excitabili-
ty [9, 12]. IL-1� and that tumor necrosis factor-�
(TNF-�) contents were increased in the whole
brain tissue after the rats were kindled by electrical
stimulation (ES) of the amygdala [23]. In addition,
icv TNF-� administration was followed by an in-
crease in susceptibility of the amygdala to kindling
[19] while both TNF-� and IL-1� intensified spike
wave discharges in WAG/Rij rats [24]. Moreover,
an increase in IL-1� level takes place in the course
of seizure development in other experimental epi-
lepsy models, and blockers of IL-1� receptors pos-
sess potent antiepileptic activity [25]. All these data
support a role for cytokines in convulsive and non-
convulsive types of epilepsy.

A pronounced up-regulation of mRNAs of vari-
ous cytokines, such as IL-1�, IL-1R1, TNF-�, and
TGF-�1 was found in the parietal, piriform and pre-
frontal cortices, hippocampus but not in the hypo-
thalamus and amygdala in the amygdala-kindled rats
[15]. This result was obtained at 2 h from the mo-
ment of the last kindled ES, and altered levels of cy-
tokine mRNA were found to be restored three weeks
later [15]. The pattern of distribution of cytokines
corresponded to the seizure activity distribution in
the brain, since bacterial MDP or LPS induced
mRNA of TNF-� mainly in the hypothalamus [5].

These results point to a diverse pattern of in-
volvement of different brain structures in the reali-
zation of the effects of cytokines. Considering the
heterogeneity of brain structures function in the
course of epileptogenesis, interrelationships be-
tween structure-dependent changes in cytokine le-
vels and seizure spreading might play a role in clari-
fying the mechanisms of kindling-induced seizures.

Hence, we chose a comparative approach and
determined the levels of TNF-� in the cortical (in-
cluding limbic parts, such as the hippocampus and
amygdala) and cerebellar tissue of rats that have
been subjected to ES of the amygdala and cerebel-
lum. We expected to obtain a different pattern of in-
volvement of cytokines in these two groups after ES
since both structures are involved in the process of
epileptogenesis but in an opposite manner (proepi-
leptogenic and antiepileptic, respectively). In other
words, cerebellar ES usually is followed by cessa-
tion of seizures and epileptogenesis in the brain
structures [7, 18]. Besides, the cerebellum was cho-

sen because of its role in the regulation of sensitiv-
ity of the striatum to cytokines as a decrease in in-
flammation induced by intrastriatal IL-1� applica-
tion was found after ES of the fastigeal nucleus of
the cerebellum [2]. In contrast, the cerebral cortex
including its limbic structures is characterized by
a pronounced susceptibility to epileptogenic stimuli.

TNF-�-dependent mechanisms of cytotoxic ac-
tivity, including ischemic neurodegeneration, can
be blocked by increased concentrations of thiols in-
cluding thioredoxin (TRX) [22]. It is a small multi-
functional protein with a redox-active disulfide/di-
thiol within the conserved active site sequence that
may prevent ischemic damage of the brain [22].
Besides, it is of interest to note that TRX has a po-
tent protective effect against TNF-�-induced cyto-
toxicity [10]. That is why the redox potential status,
namely, thiols, both protein-bound and free groups
were determined in the same brain samples.

Hence, the aim of the work was to investigate
the dynamics of the changes in TNF-� content and
oxidative indices induced by kindling of the amyg-
dala and ES of the cerebellum in rats. An opposite
trend of the investigated indices was expected con-
sidering the structural specificity of the mecha-
nisms of kindled seizures.

MATERIALS and METHODS

Animals

Two months old male Wistar rats with a starting
body weight of 170–280 g were used as experimen-
tal subjects. They were kept under standard labora-
tory conditions, i.e. constant temperature of 23°C,
60% relative humidity, 12 h dark/light cycles, stan-
dard diet and tap water was present ad libitum.

Procedures involving animals and their care
were conducted according to University guidelines
that complied with international laws and policies
[European Community Council Directive 86/609,
OJ L 358, I, December 12, 1987; National Institu-
tes of Health Guide for Care and Use of Labora-
tory Animals, US National Research Council, 1996].

General surgery

Animals were anesthetized with nembutal (Ceva,
France, 35 mg/kg, ip) and implanted stereotaxically
with bipolar electrodes (nichrome wires insulated
except for the tips, wire diameter 0.12 mm, inter
electrode distance 0.25 mm) in the left basolateral
amygdala (AP = 2.2; L = 4.7; H = 8.5, according to
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the rat brain atlas [13]), in other animals, bipolar
electrodes were implanted in the paleocerebellar
cortex of vermis in culmen zone. Electrodes were
fixed to the skull with dental cement. Starting one
week after surgery, the rats were handled daily and
adapted to the experimental setup.

Kindling procedure and ES of the cerebellum

Kindling started 10–14 days after surgery. ES of
the amygdala was performed using an ESU-2 uni-
versal electrostimulator (Former Soviet Union).
Electrical stimuli (60 Hz, duration 1 ms) were ap-
plied for a total duration of 1 s. The intensity of
electrical current used for kindling was 80–140 �A,
depending on its ability to induce after-discharge
[16]. Stimuli were delivered two times per day
(10.00 a.m. and 6.00 p.m.). The severity of convul-
sions was evaluated according to the scale de-
scribed by Racine [16]. Sham operated rats with bi-
polar electrodes implanted into amygdala without
ES were used as a control group. ES of the cerebel-
lum started at 20–40 �A (60 Hz, duration 1 ms, du-
ration of trial 1 s), and every 2.5–3.0 min, 20 �A
was added until the behavioral reaction was in-
duced (turning, freezing of rats). Afterward, the in-
tensity of ES was reduced by 30%. Next, 10 conse-
quent ES of cerebellum were performed with inter-
stimuli interval of 3.0 min. The intensity of electric
current used for cerebellar ES was 100–180 �A.

ELISA

Experimental and sham operated control rats
were killed by decapitation 24 h after kindling ES.
The rats that were stimulated in the cerebellum
were killed and decapitated 30 min after the last
ES. The brains were rapidly removed at 4°C and
frozen on dry ice. Brain tissue was weighted and
homogenized in ice-cold PBS (5 g/ml) using a Pot-
ter homogenizer (1000 rpm, 10 strokes). The ho-
mogenates were centrifuged for 10 min (5000 rpm,
4°C). The 100 �l of the supernatant were taken in
duplicate to measure TNF-� content.

TNF-� concentration was determined using se-
lective antibody (Biotrak system from Amersham
Pharmacia Biotech, USA). Absorbance was read at
450 nm. The detection limit was 4.0 pg/ml. Data
were expressed in pg/mg of wet brain tissue.

Method of determination of thiols and disulfides

The method of amperometric titration (Chem-
LabDevice, TU 25-11-364-69, FSU) with AgNO'

was used for measuring thiols and disulfides [20].

The principle of the method consisted in a de-
crease in diffusional electric current, which was in-
duced by reduction of Ag( at the surface of plati-
num electrode, by thiols.

For determination of non-protein fractions, 200 �l
of the supernatant was taken and 100 �l of 5% me-
taphosphonic acid was added. Afterwards, the cen-
trifugation at 3000 rpm was performed for 30 min.
Fluid was carefully collected and assayed for the
determination of the level of non-protein thiols.
Data were expressed in �moles per one liter of ho-
mogenate.

Measurements in kindled animals were per-
formed in 24 h, and in animals with cerebellar ES
in 2 h from the last ES. Such time course is ex-
plained by chronic type of metabolic deteriorations
in kindled animals when their restoration is ob-
served during one–two weeks [18, 19. 23]. Cere-
bellar ESs were performed acutely and metabolic
indices restored in hours [4, 7].

Histology

At the end of the experiments, the rats were
anesthetized with pentobarbital sodium and perfused
with paraformaldehyde. Frozen sections (32 �m) of
the brain were then prepared and every alternate
section mounted on gelatin-coated slides, stained
with neutral red, covered with a cover-slip, and ex-
amined by light microscopy. In all the rats used in
the analysis of the data, the electrodes were in-
serted at the appropriate location. Histological con-
trol also revealed that cortical tissue included neo-
cortex, hippocampus and amygdala. Tissue of the
cerebellum was obtained by dissection of all its
brachii.

Data analysis

Data were presented as means and range of
variances. Differences between groups were ana-
lyzed with a Kruscal-Wallis test.

RESULTS

The characteristics of amygdala kindling were
typical for the behavioral stages of evolution of de-
velopment of the kindling process. Mean number
of ES for the induction of generalized clonic-tonic
seizures was 31.2 ± 4.5.

Comparison of TNF-� level in the cortical tissues
of kindled and control rats showed the elevation of
TNF-� content by 220% (H = 7.935, p = 0.005).
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The level of TNF-� in the cerebellum of kindled
rats was elevated by 208.1% when compared with
the control group (H = 5.333, p = 0.021), and 92.1%
when compared with the animals that had received
ES of the cerebellum (H = 5.333, p = 0.021) (Tab. 1).

Comparison of the TNF-� level in the cerebel-
lar and cortical tissue revealed a larger content of
TNF-� in the cerebellum of kindled animals which
exceeded all other data (p < 0.05) (Tab. 1).

The level of free thiols in cerebral cortex after
ES of cerebellar cortex was ten times greater than
in kindled rats (H = 6.278, p = 0.012). The signifi-
cant increase in protein thiol groups (by 94.4%)
was seen in the cerebellar tissue (H = 4.033, p =
0.045) when compared with the tissue originating
from the cerebral cortex of rats with cerebellar ES.
Besides, the net prevalence of disulfide groups in

the cerebellar tissue was seen when compared with
the corresponding data in the cortical tissue in all
investigated groups, including control (Tab. 2).

DISCUSSION

The obtained data clearly showed a net increase
in the level of TNF-� both in the cortex and cere-
bellum of kindled animals. There were no changes
in the thiol-disulfide system status. Hence, it seems
that the effects of this cytokine are not induced via
oxidative mechanisms. On the other hand, the men-
tioned possibility of prevention of cytotoxic acti-
vity of TNF-� by increasing thiol level [10, 22]
clearly points to a probable exhaustion of antioxi-
dative potential determinated by thiols. Hence, ap-
parent discrepancy between our results might be
explained by different compartmentalization of
TNF-� and thiols since thiols mainly exhibit their
activity intracellularly, while it is expected that
TNF-� is located extracellularly, and its activity is
not enough to affect significantly intracellular pool
of thiols. This explanation is supported by the mo-
derate increase in the level of TNF-�, which in-
creased two times, while in other studies a 20-fold
increase was described [15]. Such differences
might be explained by different time between the
occurrence of the last seizures and biochemical as-
says (2 h vs 24 h in our investigation).

Taking into consideration the relatively “slight”
rise of TNF-� level, which is comparable with
physiological one, the question is whether such
a concentration of cytokine might be responsible
for the pharmacological resistance of kindled sei-
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Table 2. The content of SH- and SS-groups in the brain samples (�mol/l of homogenate)

Cerebral cortices (including limbic parts) Cerebellum

Protein
thiol groups

Disulfide
groups

Non-protein
thiol groups

Protein
thiol groups

Disulfide
groups

Non-protein
thiol groups

Control 35.6 (13.3–60.5)
(n = 3)

10.3 (8.9–12.2)
(n = 3)

0
(n = 3)

51.2 (28.0–75.5)
(n = 4)

38.0 (20.0–57.0)*
(n = 4)

0
(n = 4)

Amygdalar
kindling

40.5 (18.3–100.0)
(n = 10)

16.9 (4.2–41.2)
(n = 10)

0.23 (0–0.23)
(n = 10)

56.5 (31.8–126.7)
(n = 8)

36.7 (11.4–63.3)*
(n = 8)

0
(n = 8)

ES of cerebellar
vermis

35.7 (24.1–71.0)
(n = 6)

15.3 (6.8–35.5)
(n = 6)

2.3 (0–6.0)�

(n = 6)
69.4 (56.4–94.4)*

(n = 5)
35.18 (26.5–50 .0)*

(n = 5)
2.1 (0–6.2)

(n = 5)

� p < 0.05 when compared with corresponding data in the control group; * p < 0.05 when compared with the data obtained in the cere-
bral cortex tissue of the same group (Kruscal-Wallis test)

Table 1. TNF-� content in the brain samples (pg/mg of wet
brain tissue)

Cerebral cortices
(including

limbic parts)

Cerebellum

Control 34.7 (20.9–55.1)
(n = 5)

106.7 (61.6–140.8)
(n = 5)

Amygdalar
kindling

76.7 (37.3–107.2)
(n = 10)**

222.1 (161.1–312.3)
(n = 4)*

ES of cerebellar
vermis

57.7 (36.0–127.2)
(n = 7)

115.6 (71.4–153.7)�

(n = 4)

* p < 0.05 and ** p < 0.01 when compared with the corresponding
control data; � p < 0.05 when compared with corresponding data in
the rats subjected to amygdalar kindling (Kruscal-Wallis test)



zures. Moreover, cytokines at such concentrations
might be regarded as neuroprotective agents as
well [6]. Nevertheless, it should be noted that in
our investigations the rise of TNF-� content ob-
served at 24 h from the moment of last kindled sei-
zures might be regarded as due to kindling-induced
mechanism, since it was not observed in case of ES
of the cerebellum. This fact is important because
mutually potentiating mechanisms have been de-
scribed, for example between IL-1� and TNF-�
[14, 21], which might result in substantial patho-
logical changes even under conditions of relatively
slightly raised concentrations of certain cytokines.

With regard to structure-dependent differences
in functional activity, we did not find any differ-
ences in TNF-� concentrations between the proepi-
leptogenic cortex including the amygdala, the place
of location of primary focus of kindling-induced
seizures, and cerebellar tissue. Such a result might
be explained by the common basis of progressive
development of kindled seizures and recruitment of
neuronal pathways into epileptogenesis. It might be
possible that the most expressed kindled seizures
(repeated generalized clonic-tonic seizures) are
precipitated by an induction of a hyperexcitable
state in the cerebellar structures [18].

Ischemia could conceivably contribute to the
rise in cytokine level in the brain tissue [22]. It
might be possible that some forms of hypoxic state
of breathing muscles, which is precipitated during
the full expression of the most pronounced seizure
state, might be implicated in the rise in TNF-� con-
tent. However, transient brain ischemia is not fol-
lowed by immediate increase in the cerebellar cyto-
kine content [17]. Hence, it is probable that the rise
in TNF-� concentration in the cerebellar tissue of
kindled rats reflects specific kindling-evoked me-
chanism involved in chronic epileptogenesis.

It should be mentioned that other authors have
described pronounced changes in cytokine concen-
trations connected with the changes in the brain
metabolic indices. For instance, ES of the cerebel-
lar fastigeal nucleus is followed by a 50% decrease
in recruitment of leukocytes induced by intrastria-
tal IL-administration [2]. According to other data
[3], activation of the cerebellum is followed by an
increase in antioxidant potency and clear-cut in-
crease in nitric oxide (NO) production. We found
no effects of cerebellar ES upon TNF-� level in the
brain tissue. However, we investigated intact ani-
mals while a reduction of the concentration of

IL-1� was observed [2] in tissues affected by an in-
flammatory process.

Despite that ES of the paleocerebellar cortex
failed to reduce TNF-� content in the brain tissue
of intact animals, the increase in free thiols in the
cortical tissue might be regarded as a possible
mechanism of antiepileptic efficacy of this factor
since the mechanisms of pathogenic effects of cyto-
kines are connected with the increase in oxidative
damage of neuronal tissue [10, 22]. Similar in-
crease in free thiol level in serum of cats was
shown previously after “transcerebellar” ES [4]. In
view of pharmacological resistance of kindled sei-
zures, it is important to note that cerebellar ES is
used in cases of resistant forms of epilepsy [8].

The level of disulfides in the cerebellar tissue
was higher in comparison with their content in cor-
tical tissue in every experimental group. It might be
connected with relatively high functional signifi-
cance of sulfide-containing amino acids in the cere-
bellum in comparison with other brain regions [11].
Significantly lower level of thioltransferase (TT-ase)
was detected in the cerebellum and striatum [1].
TT-ase is a member of the family of thiol-disulfide
oxidoreductases that are involved in the mainte-
nance of sulfhydryl homeostasis in the cells by cata-
lyzing thiol-disulfide interchange reactions. One of
the major consequences of oxidative stress in the
brain is the formation of protein-glutathione mixed
disulfides (through oxidation of protein thiols),
which can be reversed by TT-ase during the reco-
very of the brain from oxidative stress. Hence, low
activity of TT-ase is connected with the increased
life-span of disulfides in the cerebellar tissue.

In summary, the obtained data permit us to
come to certain conclusions. Namely, amygdalar
kindling is connected with an increase in the level
of TNF-� both in the cortex and cerebellum. ES
of the cerebellar vermis was not followed by any
change in TNF-�. The thiol/disulfide system is
normal in kindled animals at 24 h after the moment
of last kindled seizures, and seems quite indepen-
dent of the moderate rise in the level of TNF-�.
The thiol/disulfide system is likely to be significant
for an antiepileptic action of the cerebellar struc-
tures.
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