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Abstract

At present, a number of epileptic attack forms are intractable (not sensitive to pharmacological
treatment). Deep brain stimulation (DBS) is used as an alternative therapeutic procedure for
pharmacoresistant psychiatric disorders. The results of using such methods have, however,
contradictory. This is why structures whose stimulation is capable of inducing an antiseizure effect
by preventing initiation and/or spread of epileptiform reactions have not yet been adequately
identified. The aim of our study was to investigate the effects of short-term and long-term ventral
tegmentum area (VTA) stimulation on local and generalized hippocampal seizure responses.
Hippocampal seizure reactions were considered local if convulsive discharges were not registered
in the electrical activity of the neocortex and behavioral seizures did not developed. It was shown
that long-term (30 sec) stimulation of the VTA significantly reduced the development of local
hippocampal seizure responses. It was also shown that with long-term (8-10 min) stimulation of
the VTA, there is a strong and long-term inhibition of the convulsive reactions of the hippocampus.
The present study shows that the ventral tegmental dopaminergic system, which is involved in the
regulation of hippocampal theta rhythm and emotional responses, may trigger the activation of
mechanisms that are characterized by anticonvulsant activity. The strong inhibitory effect of VTA
stimulation on the hippocampal seizure responses is due to 1) regulation of the hippocampal theta
rhythm, 2) potentiation of dopaminergic synapses, and 3) involvement of the reticular nucleus of

the thalamus.
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INTRODUCTION

At present, a number of forms of epileptic attacks
are intractable (not sensitive to pharmacological
treatment). Emotional disturbances are often
experienced by patients with temporal lobe
epilepsy. These emotional disturbances may
occur interictally (i.e. between seizures) and may
profoundly change the individual's personality.
The researchers' primary focus is on the influence
of animal (kindling model) and human epilepsy
on emotional behavior, rather than vice versa.
We are interested in establishing the influence
of emotional reactions on epileptic activity, in
other words, are interictal emotional disorders
protective for the epileptic brain or a risk factor?

Previously it has been demonstrated that during
simultaneous stimulation of the hippocampus
and the structure whose activation causes
reactions fear, anxiety and run (dorsomedial
nucleus of the hypothalamus - DMH) there is a
sharp halt in the development of epileptogenesis
in the hippocampus. Also, in the presence of
already developed epileptogenic focus, combined
stimulation of these structures resulted in
suppression of the electrographic and behavioral
seizures [1].

At the same time, we also showed that at
threshold stimulation of the hypothalamus and/
or mesencephalic reticular formation when
electrohippocampogram shows augmentation of
the theta rhythm there is a significant reduction
in seizure durations [2]. In our earlier studies,
we examined changes in brain seizure activity
caused by stimulation of the hippocampus at
different stages of sleep and wakefulness. It was
shown that during wakefulness and paradoxical
phase of sleep, when theta rhythm arises in the
hippocampus, stimulation the hippocampus
to be less effective; seizure discharges either
are weakened or do not emerge at all [3].
Recently, there has been increased interest in
the relationship between the theta rhythm and
seizure activity in the brain [4-6].

Since some forms of epileptic seizures are resistant
to pharmacological treatment, deep brain
electrical stimulation is effective for the treatment
of various neurological and psychiatric disorders.
Stimulation of many deep brain structures has
been tested as a potential means of blocking
seizure attacks in humans and experimentally
evoked epileptiform discharges in animals.
Deep brain stimulation of the globus pallidus,
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subthalamic nucleus and thalamus is used to treat symptoms of
movement disorders such as Parkinson's disease, dystonia and tremor
[7,8]. The mechanisms behind seizure suppression by deep brain
stimulation (DBS) are not fully understood, and the most optimal
stimulus regimens and anatomical targets are yet to be determined.
However, the results of using such methods have been contradictory
[9]. This is why structures whose stimulation is capable of inducing
an antiseizure effect by preventing initiation and/or spread of
epileptiform reactions have still not been adequately identified.

The present study was conducted to determine the influence of the
ventral tegmental area (VTA) on local hippocampal and generalized
seizure reactions. Experiments will be conducted in Wistar albino rats
in which, using conventional methods the state similar to human
temporal lobe epilepsy would be artificially elicited (kindling model).
In the given paradigms the impact of ventral tegmental area (VTA) on
the development/course of seizure activity will be checked, which, in
our opinion, is especially important for the scientific analysis of this
type of research.

Why ventral tegmental area?

1.Themaingoal of ourresearchisto establish the relationship between
emotions and epilepsy. VTA is involved in various emotional reactions
[10-12] 2.VTAis connected to the hippocampus[13] and isinvolvedin
the generation of the theta rhythm [14,15]. 3.The hippocampal theta
rhythm is a physiological state of the hippocampus, which opposes
its recruitment into seizures [16]. 4. Dopamine has an anticonvulsant
effect [17-19].

We reported here the results of the following experiments: 1. The
influence of the short-term and long-term VTA stimulation on local
electrographic convulsive reactions of the hippocampus. 2.The
influence of the long-term VTA activation on the generalized seizure
reactions induced by stimulation of the hippocampus.

However, there are several studies in the literature demonstrating the
effect of VTA on generalized seizures induced after intraperitoneal
administration of pentylenetetrazole [9,20].

It was shown that VTA stimulation significantly decreased the
pentylenetetrazole-induced epileptiform discharge duration and
the seizure behavioral parameters such as maximum seizure stage,
stage 5 duration, seizure duration. In addition, focal to generalized
seizure latency increased following VTA tonic stimulation. These data
suggest that stimulation of VTA before PTZ injection on 4 test days
had anticonvulsant effects on PTZ-kindled seizures.

METHODS

Wistar albino and the genetically epilepsy-prone rats weighing 250
to 300 g were kept under conditions of a 12/12 h illumination cycle
with free access to food and water. Housing, surgical manipulations
and euthanasia of the animals were carried out in accordance with
the rules and standards accepted by the scientific community of
the European Union, legislation of Georgia, and the Committee on
the care and use of animals in the Center of Life Sciences of Georgia
(20.11.2019). Instructions of the administration of the National
Institutes of Health (Bethesda, USA) on the care and use of laboratory
animals (NIH Publication No. 88-2959) were also taken into account
US Department of Health and Human Services (1986) Guide for the
Care and Use of Laboratory Animals [21].

The animals were anesthetized by sodium pentobarbital (40 mg/kg,
i.p.). Bipolar stimulating/recording electrodes (stainless steel) were
stereotaxically implanted in the ventral hippocampus and VTA [22].

A monopolar recording electrode was placed on the surface of
the motor cortex; the reference electrode was fixed between the
skull and head muscles. The above-mentioned structures were
stimulated at least 12 - 14 days after surgical intervention. After the
end of the experiment, the animals were deeply anesthetized. Sites of
localization of the tips of the hippocampal and VTA electrodes were
coagulated (constant current 2 to 3 mA was passed during 1 min).
The brain was taken off and fixed in a 4% paraformaldehyde solution
on phosphate buffer. Localization of the electrode tips was verified in
frontal slices.

Experiment 1

In the first series (n = 8) of these experiments, after implantation of the
electrodes into the above-mentioned structures in rats and after the
lapse of post-operative period (10 - 12 days) we studied the influence
of the VTA stimulation (30 sec-long-series of rectangular 100-120 pA,
0,5 msec-long current pulses) on the course of hippocampal threshold
stimulation induced local (without behavioral manifestations) seizure
reactions.

In the second series of experiments (n=6), the effect of relatively
long-term (8-10 minutes) VTA activation on the local seizure reactions
evoked by hippocampal threshold stimulation was studied.

Experiment 2

In these experiments the hippocampus was stimulated using a fast
kindling protocol. Ten to 12 days after surgery, the hippocampus
was stimulated for one day by 40 stimulation series applied with
5-min-long intervals (duration of sessions 10 sec, intensity 450 pA,
frequency 10 sec-1, and stimulus duration 1ms). For estimation of the
excitability of the hippocampus and of the stability of manifestations
of the epileptic syndrom the 2-nd day and also 2 and 4 weeks after
such stimulation, test stimulations were applied to the hippocampus
(5 stimulations with 5-min-long intervals). Due to kindling, an
epileptogenic nidus was formed in the brain of the animals, and this
nidus was preserved for the entire future life period even with no
additional stimulation of the hippocampus.

The intensity of seizure activity was estimated according to the
modified Racine scale (1972): 0 - immobilization, “freezing in place” of
the animal, and shakings; 1 point - jerking of the muzzle; 2 - chewing
and shaking of the head; 3 points - clonus of the forelimbs; 4 points
- rising in a vertical position and clonic jerks of the forelimbs, and 5
points - vertical position and falling of the animal on its side or back
[24].

VTA was stimulated with current pulses of 100-120 pA, with a duration
of 0.5 msec and a frequency of 50-80 s, for 8-10 min. The influence of
such VTA stimulation on the generalized seizure reactions induced by
stimulation of the hippocampus was investigated.

DATA ANALYSIS

Differences between the parameters of kindling-induced behavior
were estimated using un-paired t-test or factorial dispersion analysis
(ANOVA) with a post-hoc Bonferroni-Dunn test. The development
of kindling manifestations was estimated using ANOVA for repeated
measurements. Intergroup differences were considered to be
significant at P < 0.05.

RESULTS

The influence of short-term preliminary stimulation of VTA on local
convulsive reactions of the hippocampus was studied. Seizure
reactions were considered local if convulsive discharges were not
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registered on the electrical activity of the neocortex and behavioral
seizures did not developed. It was shown that stimulation of
the tegmentum significantly reduced the development of local
hippocampal seizure responses (Figure 1). Seizure reaction was
evoked by stimulation of the contralateral symmetric hippocampal
area.

i} I’
- 1] R ——
ottt g St e e e b

i L
" i g 1
11 -:ﬂ::::i_i'.:._
J-,M-nv.-\w,_wmkmw“ g
. I

Figure 1: Influence of VTA stimulation on hippocampal-evoked
seizure responses. 1 - electrohippocampogram. 2 - Electrical
activity of motor cortex. A — Effect of the threshold stimulation of
contralateral hippocampus before the stimulation of VTA. B - Effects
of contralateral hippocampal stimulation after 2 min activation of
VTA (120 pA, 30 sec, 80 Hz). C - Effect of contralateral hippocampal
stimulation 15 min after VTA stimulation. Lines under the curves are
moments of hippocampal stimulation. Calibration: 2 seconds, 250uV.

It was also shown that with long-term stimulation of the VTA, there is
a strong and long-lasting inhibition of the convulsive reactions of the
hippocampus. The following figure shows the development/course
of hippocampal convulsive reactions caused by stimulation of the
contralateral symmetric hippocampal area after 8 minutes of VTA
stimulation (Figure 2).

The following figure shows the mean duration of hippocampal
electrographic convulsive reactions before and after 10 minutes of
VTA stimulation.

1 2

LT r—

B

3

Figure 2: Effect of 10-min VTA stimulation on hippocampal seizure
responses evoked by stimulation of the contralateral symmetric
hippocampal area. Upper cover- electrical activity of hippocampus,

lower cover - electrical activity of neocortex. 1,2 - the effect of threshold
hippocampal stimulation. 3 - the effect of hippocampal stimulation 5
minutes after VTA activation. 4 - the effect of hippocampal stimulation 15
minutes after VTA activation. 5 - the effect of hippocampal stimulation 30
minutes after VTA activation. 6,7 - the effect of hippocampal stimulation
45 minutes after VTA activation. Lines under the curves are moments of
hippocampal stimulation. Calibration: 2 seconds, 250uV.
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Figure 3: Effect of 10-minute VTA activation on convulsive
reactions evoked by hippocampal stimulation. 1 - mean duration of
hippocampal convulsions before VTA stimulation. 2 - mean duration
of hippocampal convulsions 5 min. after cessation of VTA stimulation.
3 — mean duration of hippocampal convulsions 15 minutes after
cessation of VTA stimulation. 4 — mean duration of hippocampal
convulsions 30 minutes after cessation of VTA stimulation. 5 - mean
duration of hippocampal convulsions 45 minutes after cessation of
VTA stimulation.

The data show that VTA stimulation in already established kindling
decreases the mean duration of hippocampal afterdischarges (Figure
4), and the mean grade of the behavioral seizures (Figure 5).
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Figure 4: Mean duration of hippocampal afterdischarges in response
to isolated hippocampal and combined (VTA - 10 h + hippocampus)
test-stimulation at the different time points (2 and 4 weeks). 1T -
Effects of the first 5 hippocampal stimulations during the kindling
procedure. 2 - Effects of test stimulation of the hippocampus after
two weeks. 3 - Effects of test stimulation of the hippocampus after
6-minute stimulation of the ventral tegmentum (2 weeks). 4 - Effects
of test stimulation of the hippocampus after four weeks. 5 - Effects of
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test stimulation of the hippocampus after 6-minute stimulation of
the VTA (4 weeks)
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Figure 5: Mean grade of motor seizures in response to isolated
hippocampal and combined (VTA - 10 h + hippocampus) test-
stimulation at the different time points (2 and 4 weeks). 1 - Effects of
the first 5 hippocampal stimulations during the kindling procedure.2
- Effects of test stimulation of the hippocampus after two weeks.
3 - Effects of test stimulation of the hippocampus after 6-minute
stimulation of the ventral tegmentum (2 weeks). 4 - Effects of test
stimulation of the hippocampus after four weeks. 5 - Effects of test
stimulation of the hippocampus after 6-minute stimulation of the
VTA (4 weeks)

DISCUSSION

A study of the effect of VTA on local as well as generalized convulsive
reactions induced by hippocampal stimulation showed that the
preliminary short- and long-time stimulation of VTA caused a
blockade of the evoked convulsive reactions of the brain.

However, there are several studies in the literature demonstrating the
effect of VTA on generalized seizures induced after intraperitoneal
administration of pentylenetetrazole [20].

It was shown that VTA stimulation significantly decreased the
pentylenetetrazole-induced  epileptiform  discharge duration
and the seizure behavioral parameters such as maximum seizure
stage, stage 5 duration, and overall seizure duration. In addition,
focal to generalized seizure latency increased following VTA tonic
stimulation. These data suggest that stimulation of VTA before PTZ
injection on 4 test days had anticonvulsant effects on PTZ-kindled
seizures.

A modulatory effect of low-frequency stimulation in the ventral
tegmental area (VTA) on neuronal activity in descending and
ascending brain regions was demonstrated in chemically excited
mice by assessing c-Fos immunoreactivity. Stimulation in the VTA
significantly decreased the c-Fos expressing cells numbers in several
brain areas including the hippocampus. These data suggest that the
possible anticonvulsant mechanism of DBS in VTA can be through
restoring the seizure-induced cellular hyperactivity to normal [9].

In our recent experiments [2] where the effect of stimulation of the
hypothalamic and/or mesencephalic reticular formation on the
development of kindling was studied, it was shown that stimulation
of these structures significantly suppressed the course of both
EEG and behavioral seizure reactions. It has been proposed that
increased inhibition during hippocampal theta activity may trigger

mechanisms that prevent epileptiform activity and that hippocampal
theta rhythm is a physiological state of the hippocampus that
counteracts its involvement in seizures.
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Figure 6: The effect of VTA stimulation on the electrical activity of
contra- and ipsilateral areas of the hippocampus. A - background
activity of symmetrical areas of the hippocampus. C, D - effects of
stimulation (100 mKa, 80 Hz, 20 sec) of the VTA. The line indicates the
end of VTA stimulation

It turned out that rhythmic slow activity of the hippocampus
(theta) is regulated by many structures of the brainstem, including
the ventral tegmental area of the midbrain, and that the ventral
tegmental area is thought to be an important component in the
mesocorticolimbic system involved in the regulation of theta rhythm
in the hippocampus [25].

Thus, it was shown that administration of 1.25 pg flupentixol into
the VTA induced a prolonged theta rhythm lasting an average of
32.0 min, while 5 ug amphetamine induced a theta rhythm lasting
an average of 24.4 min [26]. In addition temporary VTA inactivation
resulted in transient loss of the hippocampal theta. Permanent
destruction of the VTA caused a long-lasting depression of theta
power. Activation of glutamate receptors or decrease in GABAergic
tonus in the VTA led to enhancement of dopamine release and
increased hippocampal theta power [27].

Based on the above, the results of our experiments, where it was
shown that high-frequency stimulation of the VTA caused the
emergence of a well-defined theta rhythm in the hippocampus, are
not satisfactory.

In the epileptic brain, the frequency of both the hippocampal theta
rhythm and septal neuronal theta bursts increased. In the septum,
an augmentation of neuronal rhythmicity was also observed. Theta
oscillations, either spontaneous or evoked by sensory stimulation,
abolished the epileptiform events.

These findings were further supported by [28], which confirmed
increased theta frequency in both the hippocampus and septum,
along with suppression of epileptiform activity during theta
oscillations.

Of particular note is that VTA stimulation caused inhibition of evoked

population spikes recorded in the CAI pyramidal cell layer of the
hippocampus [29].

Page 4 of 6



Howard MR. CME J Neurol Neurosci. 2025; 1(1)

The VTA, which may be one of the structures involved in the
regulation of hippocampal theta rhythm, sends direct projections
to the hippocampus and also to the forebrain septum. Our data
suggest that the projection through which the VTA enhances theta
rhythm is not direct but is incorporated into the main route of theta
generation, which involves the septum as the main relay node [15].

Several studies point to a possible abnormality in the firing pattern
of dopaminergic neurons after epilepsy. In particular, there is an
increase levels of dopamine. It was also shown that VTA dopamine
neurons are reported to be activated and produce more dopamine
during epilepsy [5] and elevated dopamine levels and increased
firing of dopaminergic neurons have been found in rodent models
of temporal lobe epilepsy.

It is especially important to note the data of some authors where
the reactions of VTA neurons were studied during convulsive
activity in the limbic structures of the brain. Given the evidence
that the hippocampus plays an important role in the maintenance
of temporal lobe seizures, we investigated whether an animal
model of high-grade epilepsy using intrahippocampal injection of
pilocarpine induced changes in the activity of mesolimbic dopamine
(DA) neurons. It was shown, that 60% of rats in which pilocarpine
induced seizure activity had a significant increase in the number
of DA neurons [30]. It has also been shown that dopamine neuron
degeneration in the Ventral Tegmental Area causes hippocampal
hyperexcitability [6].

Taking into account the data from our early studies, as well as the
results of the present experiments, the question arises about possible
mechanisms of suppression of hippocampal local and generalized
convulsive reactions of the brain.

Some authors mentioned that activation of the septo-hippocampal
pathways resulting from sensory stimulation or stimulation of the
hypothalamus and a few brainstem structures is accompanied by
a decrease in the frequency of spiking of hippocampal pyramidal
neurons. On the other hand, it was shown that the frequency of
discharges of hippocampal interneurons increased in this case.
Basket cells represent the most numerous morphological type
of hippocampal interneurons; from the functional state, they are
believed to be inhibitory units [31-33]. Precisely hippocampal
interneurons are generally classified as theta cells. Therefore,
reciprocal relations between the intensities of seizure and theta
activity can be interpreted as a sort of regulatory effects provided by
inhibitory mechanisms under conditions of generation of the theta
rhythm. Our findings allow us to suppose that augmentation of
inhibitory processes (activation of the interneurons) in hippocampal
neurons in the course of VTA stimulation can trigger mechanisms
preventing the development of epileptiform activity. We assume
that the above is one of the mechanisms for blocking hippocampal
convulsive reactions during VTA stimulation.

Our experiments showed that prolonged stimulation of the VTA
results in strong and prolonged inhibition of hippocampal seizure
reactions. Long-term inhibition of hippocampal seizure reactions
in this case can also be explained by long-term potentiation of
dopaminergic neurons induced by VTA stimulation.

Functional connections between the VTA-DA and the reticular
nucleus of the thalamus suggest the involvement of this thalamic
nucleus in blocking generalized convulsive reactions caused by
stimulation of the hippocampus [34]. GABAergic TRN neurons
have one of the highest densities of D4-type dopamine receptors

in subcortical structures [34]. It was shown, that the activation of
dopamine D4 receptors modulates GABA release in slices of the
rat thalamic reticular nucleus. Given the importance of the TRN in
the control of attention and sensory processing it is possible that
abnormal TRN function may generate some of the manifestations of
the disorders of dopaminergic transmission [35].

Studies by Mitchell J, et al. [35*] confirmed the expression of D1 and
D4 and showed that D2 receptors are also expressed in TRN.

Barrientos R, et al. [34] showed, by recording single neurons of the
TRN, that: 1) there is a tonic dopaminergic input to the TRN; 2) local
activation of D4 receptors increases the basal firing rate of TRN
neurons.

Although the exact mechanisms of action of DBS are still elusive in
despite of extensive research, several theories have been put forward.
These proposed mechanisms can be divided into acute (seconds
to hours) and chronic (days to months). Electrophysiological and
neurotransmitter modulation likely explain the acute effects whereas
plasticity and neurogenesis may explain the chronic effects [36].

In this respect, the following fact is rather interesting. Direct
stimulation of the TRN can significantly suppress generalization of
motor limbic seizures within the dynamic phase (epileptogenesis)
and decrease manifestations of seizure activity related to pre-formed
limbic epilepsy [37].

CONCLUSION

The present study shows that the ventral tegmental dopaminergic
system, which is involved in the regulation of hippocampal theta
rhythm and emotional responses, may trigger mechanisms
by anticonvulsant activity. The strong inhibitory effect of VTA
stimulation on the hippocampal seizure responses is due to 1)
regulation of the hippocampal theta rhythm, 2) potentiation of
dopaminergic synapses, and 3) involvement of the reticular nucleus
of the thalamus.

FUNDING
Study was supported by the Georgian National Sciense
Foundation (GNFS) Grant — FR-23-1938.

REFERENCES

1. Nanobashvili ZI, Chachua TR, Bilanishvili IG, et al. Peculiarities
of the Effects of Stimulation of Emotiogenic Central
Structures under Conditions of a Kindling Model of Epilepsy.
Neurophysiology. 2011; 43: 292-298.

2. Nanobashvili Z, Bilanishvili |, Barbakadze M, et al. Interaction
between Seizure and Theta Rhythm. Journal of Behavioral and
Brain Science. 2020; 10: 18-28.

3. loseliani TK, Nanobashvili ZI, Khizanishvili NA. Changes in
seizure activity thresholds of the cat brain in various stages of
sleep and wakefulness. Neurophysiology. 1974; 6: 454-460.

4. Orzel-Gryglewska J, KuSmierczak M, Jurkowlaniec E.
Involvement of GABAergic transmission in the midbrain ventral
tegmental area in the regulation of hippocampal theta rhythm.
Brain Res Bull. 2010; 83: 310-320.

5. Orzet-Gryglewska J, Matulewicz P, Jurkowlaniec E. Brainstem
system of hippocampal theta induction: The role of the ventral
tegmental area. Synapse, 2015; 69: 553-75.

6. Spoleti E, Barbera LL, Cauzzi E, et al. Dopamine neuron
degenerationintheVentral Tegmental Area causes hippocampal

Page 5 of 6


https://www.sciencedirect.com/topics/neuroscience/theta-rhythm
https://www.sciencedirect.com/topics/neuroscience/hippocampus
https://pubmed.ncbi.nlm.nih.gov/14975673/
https://pubmed.ncbi.nlm.nih.gov/14975673/
https://pubmed.ncbi.nlm.nih.gov/14975673/

Howard MR. CME J Neurol Neurosci. 2025; 1(1)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

hyperexcitability in experimental Alzheimer’s Disease. Mol
Psychiatry. 2024; 29: 1265-1280.

Chiken S, Nambu A. Mechanism of Deep Brain Stimulation:
Inhibition, Excitation, or Disruption? Neuroscientist. 2016; 22:
313-322.

Perlmutter JS, Mink JW. Deep Brain Stimulation. Annu Rev
Neurosci. 2006; 29: 229-257.

Tazangi PE, Alosaimi F, Bakhtiarzadeh F, et al. Effect of Deep
Brain Stimulation in The Ventral Tegmental Area on Neuronal
Activity in Local and Remote Brain Regions in Kindled Mice. Cell
J.2023; 25: 273-286.

Lammel S, Lim BK, Ran C, et al. Input-specific control of reward
and aversion in the ventral tegmental area. Nature. 2012; 491:
212-217.

Ushna S, Norisa Meli |, Blaess S. The Development of the
Mesoprefrontal Dopaminergic System in Health and Disease.
Front Neural Circuits. 2021; 15: 1-21.

Barbano MF, Wang H-L, Zhang S, et al. VTA glutamatergic
neurons mediate innate defensive behaviors. Neuron. 2020;
107:368-382.

Lisman JE, Grace AA. The Hippocampal-VTA Loop: Controlling
the Entry of Information into Long-Term Memory. Neuron. 2005;
46:703-713.

Torack RM, Miller JW. Hippocampal pyramidal cell response to
6-hydroxydopamine lesions of the rat ventral tegmental area.
Brain Res. 1992; 574: 345-348.

Orzet-Gryglewska J, Kus$mierczak M, Majkutewicz |, et
al. Induction of hippocampal theta rhythm by electrical
stimulation of the ventral tegmental area and its loss after
septum inactivation. Brain Res. 2012; 1436: 51-67.

Nanobashvili Z, Bilanishvili |, Barbakadze M, et al. Interaction
between Seizure and Theta Rhythm. Journal of Behavioral and
Brain Science. 2020; 10: 18-28.

Udupa K, Chen R. The mechanisms of action of deep brain
stimulation and ideas for the future development. Prog
Neurobiol. 2015; 133: 27-49.

Starr MS. The role of dopamine in epilepsy. Synapse. 1996; 22:
159-94.

Kleinrok Z, Czuczwar S, Wéjcik A. Brain dopamine and seizure
susceptibility in mice. Pol J Pharmacol Pharm. 1978; 30: 513-9.

Resaei M, Raoufy MR, Fathollah Y, et al. Tonic and phasic
stimulations of ventral tegmental area have opposite effects on
pentylenetetrazol kindled seizures in mice. Epilepsy Res. 2023;
189:107073.

US Department of Health and Human Services Guide for the
Care and Use of Laboratory Animals. 1986.

Paxinos G, Watson C. The Rat Brain in Stereotaxic Coordinates.
Academic Press, New York. 1997.

Goddard GV, Mcintyre DC, Leech CK. A permanent change in
brain function resulting from daily electrical stimulation. Exp
Neurol. 1969; 25: 295-330.

Racine RJ. Modification of Seizure Activity by Electrical
Stimulation: Il.Motor  Seizures. Electroencephalogr Clin
Neurophysiol. 1972; 32: 281-294.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Matulewicz P, Orzet-Gryglewska J, Braszka L, et al. Hippocampal
theta rhythm after local administration of procaine or
amphetamine into the ventral tegmental area in fear
conditioned rats. Neurosci Lett. 2015; 589: 132-7.

Orzet-Gryglewska J, Kusmierczak M, Matulewicz P, et al.
Dopaminergic transmission in the midbrain ventral tegmental
area in the induction of hippocampal theta rhythm. Brain Res.
2013; 1510: 63-77.

Orzet-Gryglewska J, Matulewicz P, Jurkowlaniec E. Brainstem
system of hippocampal theta induction: The role of the ventral
tegmental area. Synapse. 2015; 69: 553-75.

Kitchigina VF, Butuzova MV. Theta activity of septal neurons
during different epileptic phases: The same frequency but
different significance? Exp Neurol. 2009; 216: 449-458.

Spencer PM, Wheal HV. Synaptic inhibition in the rat
hippocampus in vivo following stimulation of the substantia
nigra and ventral tegmentum. J Physiol. 1990; 423: 77-90.

Cifelli P, Grace AA. Pilocarpine Induced Temporal Lobe Epilepsy
in the Rat is Associated with Increased Dopamine Neuron
Activity. Int J Neuropsychopharmacol. 2012; 15: 957-964.

Euler V, Green JD. Excitation, inhibition and rhythmic activity in
hippocampal cells in rabbit. Acta Physiol Scand. 1960; 48: 110-
125.

Buzsaki G, Czeh G. Commissural and performant path
interactions in the rat hippocampus: field potentials and unitary
activity, Exp Brain Res. 1981; 43: 429-438.

Buzsaki G, Eidelberg E. Direct afferent excitation and long-term
potentiation of hippocampal interneurons. J Neurophysiol.
1982; 48: 397-607.

Barrientos R, Alatorre A, Martinez-Escudero J, et al. Effects of
local activation and blockade of dopamine D4 receptors in the
spiking activity of the reticular thalamic nucleus in normal and
in ipsilateral dopamine-depleted rats. Brain Res. 2019; 1712: 34-
46.

Flordn B, Flordn L, Erlij D, et al. Activation of dopamine D4
receptors modulates [3H] GABA release in slices of the rat
thalamic reticular nucleus. Neuropharmacology. 2004; 46: 497-
503.

Vaughn MJ, Yellamelli N, Burger RM, et al. Dopamine receptors
D1, D2, and D4 modulate electrical synapses and excitability in
the thalamic reticular nucleus. J Neurophysiol. 2024; 133: 374-
387.

Lozano AM, Lipsman N, Probing and regulating dysfunctional
circuits using deep brain stimulation. Neuron. 2013; 77: 406-
424.

Nanobashvili Z, Chachua T, Nanobashvili A, et al. Suppression of
Limbic Seizures by Electrical Stimulation in Thalamic Reticular
Nucleus. Exp Neurol. 2003; 181: 224-230.

Page 6 of 6



