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Abstract: Temporal lobe epilepsy (TLE) is characterized by changes in interneuron numbers in the
hippocampus. Deep brain stimulation (DBS) is an emerging tool to treat TLE seizures, although its
mechanisms are not fully deciphered. We aimed to depict the effect of amygdala DBS on the density
of the most common interneuron types in the CA1 hippocampal subfield in the lithium-pilocarpine
model of epilepsy. Status epilepticus was induced in male Wistar rats. Eight weeks later, a stimulation
electrode was implanted to the left basolateral amygdala of both pilocarpine-treated (Pilo, n = 14)
and age-matched control rats (n = 12). Ten Pilo and 4 control animals received for 10 days 4 daily
packages of 50 s 4 Hz regular stimulation trains. At the end of the stimulation period, interneurons
were identified by immunolabeling for parvalbumin (PV), neuropeptide Y (NPY), and neuronal
nitric oxide synthase (nNOS). Cell density was determined in the CA1 subfield of the hippocampus
using confocal microscopy. We found that PV+ cell density was preserved in pilocarpine-treated rats,
while the NPY+/nNOS+ cell density decreased significantly. The amygdala DBS did not significantly
change the cell density in healthy or in epileptic animals. We conclude that DBS with low frequency
applied for 10 days does not influence interneuron cell density changes in the hippocampus of
epileptic rats.

Keywords: temporal lobe epilepsy; pilocarpine; interneurons; amygdala; deep brain stimulation;
hippocampus; parvalbumin; neuropeptide Y; neuronal nitric oxide synthase

1. Introduction

Epilepsy is a widespread neurological disease, affecting more than 1% of the world’s
population [1], representing an essential socio-economic burden to patients and society [2].
A frequent epilepsy type is temporal lobe epilepsy (TLE), characterized by recurrent,
spontaneous seizures originating from temporal lobe structures, especially from the hip-
pocampus [3,4]. It is currently incurable, and around 20 to 40% of patients are resistant to
existing antiepileptic drugs [5]. In advanced stages of the disease, marked neuronal cell
death and volume shrinkage occur in hippocampal CA1 and CA3 areas called hippocampal
sclerosis [6]. A complex morphofunctional reorganization precedes sclerosis: cell death,
axonal sprouting, and neurogenesis also occur [7–9]. GABAergic interneurons represent
a heterogeneous population, with many different subtypes defined by their cell body’s
location, protein expression, electrophysiological pattern, subcellular localization of their
axonal projection to the postsynaptic cell, etc. [10,11]. Their contribution to normal network
activity is crucial by modulating excitability, threshold potential, synchrony, and temporal
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regulation of pyramidal cell activity [12]. GABAergic cells are vulnerable to epileptic insult,
and changes in their numbers and/or function can lead to an imbalance between inhibition
and excitation in hippocampal circuitry and promote epileptogenesis [13–17]. The CA1
area of the hippocampus is one of the most studied brain regions. Its intrinsic structure is
relatively well-known, and it has at least 23 inhibitory cell types [18,19].

Interneurons expressing the protein parvalbumin (PV) and those co-expressing neu-
ropeptide Y (NPY) and neuronal nitric oxide synthase (nNOS) represent the most numerous
groups of interneurons in this area [15,19,20]. Parvalbumin-containing cells are basket, bis-
tratified, oriens-lacunosum molecular (O-LM), and axo-axonic cells [11]. Those expressing
both PV and NPY are bistratified cells [21]. Loss of PV+ cells in the epileptic human and
rodent hippocampus was already reported [22,23], but sparing of their density was also
reported [24].

The cells co-expressing NPY and nNOS are the so-called ivy and neurogliaform cells.
They produce nitrogen oxide and NPY, and besides having a role in GABAergic inhibition,
they are involved in modulating general excitability and synaptic plasticity, too [25–27]. In
TLE, the number of nNOS+ cells is decreased in both humans and rats [24,28,29].

For a long time, surgical removal of epileptic tissue was the only option for patients
who could not be appropriately treated with antiepileptic drugs. Still, postoperative com-
plications are numerous, and around 40% will not be seizure-free [30,31]. In recent years
electrical stimulation of deep brain structures (deep brain stimulation, DBS) with surgically
implanted electrodes emerged as an alternative therapeutic tool [32] and effectively reduced
seizure numbers in a substantial proportion of TLE patients [33–35]. DBS also showed
anticonvulsant action in status epilepticus and amygdala kindling rat models [36–38]. Short
electrical stimulation trains can reduce the pathological electrophysiological modifications
observed in epilepsy [39,40].

Despite its proven effectiveness, very little is known about the changes caused by DBS
at the cellular level [41,42]. Experimental models can help study neural lesions and evaluate
and improve electrical stimulation efficacy [43]. A single stimulation train increased c-
Fos expression in the amygdala and other limbic areas, but not in the hippocampus of
healthy rats [44]. In contrast, amygdala low-frequency stimulation (LFS) with 4 Hz restored
altered glutamatergic and GABAergic gene expressions in CA1 pyramidal neurons [45].
Furthermore, selective activation of GABAergic hippocampal cells with optical LFS is
effectively reducing epileptiform activity [46]. DBS of the thalamus had antiapoptotic
and anti-inflammatory effects and increased adenosine levels in the hippocampus of
pilocarpine-treated rats [47,48]. Moreover, it inhibited the abnormal mossy fiber sprouting
in the kainic acid (KA) model [49]. Anterior thalamic nuclei stimulation of pilocarpine
treated rats suppressed neurogenesis in the hippocampus 28 days after SE, but this effect
disappeared after 60 days [50].

We previously reported that 4 Hz stimulation of the amygdala for 4 × 50 s for 10 days
had a marked effect on the electrophysiological activity of the hippocampus, increasing the
theta power and reducing the pathological phase-amplitude coupling in the pilocarpine
model of epilepsy [39]. The present study aimed to extend these observations and de-
termine whether amygdala low-frequency stimulation has a disease-modifying effect by
preventing some of the previously observed modifications of interneuron density caused
by epileptogenesis. By this, we aim to gain a deeper insight into the mechanisms by which
DBS can exert its anticonvulsant effect.

2. Materials and Methods
2.1. Animals

All experiments were carried out according to the 2010/63/EU directive of the Eu-
ropean Parliament and approved by the Ethics Committee for Scientific Research of the
George Emil Palade University of Medicine, Pharmacy, Science, and Technology of Târgu
Mures, (ethical committee license nr: 340/17 November 2017 extended by nr. 54/2 April
2019). For the experiments, 6-weeks old male Wistar rats were used from the aforemen-
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tioned university’s breeding facility. They were kept under standard environmental and
light conditions (12/12 h dark/light cycle, light on at 7 a.m.) with ad libitum access to food
and water.

2.2. Lithium-Pilocarpine Model

Epilepsy was induced using the lithium-pilocarpine protocol of temporal lobe epilepsy
(LiCl: 3 mEq/kg i.p., 16 h before pilocarpine-hydrochloride, 30 mg/kg, i.p.,), which
caused status epilepticus (SE) with generalized tonic-clonic seizures. Lithium was given
to potentiate the effect of pilocarpine, while methylscopolamine (1 mg/kg) was given
20 min before pilocarpine administration to reduce the undesirable peripheral cholinergic
effects caused by pilocarpine. All substances used for epilepsy induction were purchased
from Sigma-Aldrich (St. Luis, MO, USA). Rats were continuously video monitored and
observed by experimenters after pilocarpine was injected. Seizures were classified by three
experienced researchers using the revised Racine scale (R) [51]. Only rats exhibiting Racine
5- or 6-grade seizures were included in the study.

After 2 h of SE, diazepam (5 mg/kg, i.p., Terapia-Ranbaxy, Cluj-Napoca, Romania) was
injected to stop the status and repeated during the following 24 h if convulsive behaviors
persisted or reappeared. Animals were rehydrated, and their diet was supplemented to
ensure survival. Control animals were kept in similar housing conditions and diet as
pilocarpine-treated rats. They received only lithium and i.p. saline solution and a single
diazepam dose 2 h after saline administration. After SE induction, animals were placed
in individual cages and video-monitored throughout the study’s whole duration (approx.
3 months).

In total, 32 animals were used for the study, out of which 20 received pilocarpine (Pilo).
All of the Pilo animals exhibited status epilepticus. Two out of 20 animals had only R1–R2
grade seizures during SE and were excluded from the study. The rest of the animals (18)
had at least 1 Racine 5 seizure, all of them survived the SE and the first 24 h, but 4 of them
died on the following days despite our comprehensive care.

Pilocarpine group: animals were randomly assigned to 2 subgroups: the deep brain
stimulation group (DBS-Pilo) and the sham-operated group (SHAM-Pilo). DBS-Pilo (n = 10)
animals were implanted with stimulation and recording electrodes and underwent the
stimulation protocol (see below), while SHAM-Pilo animals (n = 4) were implanted with
electrodes but were not stimulated. One SHAM-Pilo animal had unsuccessful tissue
fixation, and thereby it was excluded from the study.

Control group: 12 age-matched control Wistar rats were used for the study. Control
animals (n = 8) consisted of 3 animals implanted with electrodes but not stimulated, and
5 animals were not implanted with electrodes. DBS-control animals (n = 4) underwent
the same stimulation protocol as the DBS-Pilo group. One animal from the DBS-control
group had unsuccessful transcardial perfusion. Consequently, its histological data were
not included in the study.

2.3. Electrode Implantation Protocol

During the surgical procedure, all efforts were made to minimize pain and suffer-
ing. Pilo rats (approx. 8 weeks after SE) and the control animals underwent stereotaxic
electrode implantation protocol. Anesthesia was induced by isoflurane (5%) followed by
intramuscular injection of a mixture of ketamine (100 mg/kg LeVet. Beheer B.V., Oudewa-
ter, Netherlands) and Xylazine (10 mg/kg, Bioveta, Ivanovice na Hané, Czech Republic)
cocktail. The electrode implantation protocol used bregma as a reference and was per-
formed according to the Paxinos and Watson’s atlas for rats [52]. The stimulation electrode,
a bipolar polyimide coated twisted stainless-steel electrode (diameter: 0.2 mm, tip dis-
tance: 0.125 mm), was implanted in the left basolateral amygdala (BLA) (AP − 2.8 mm;
ML + 5 mm to bregma; DV + 8.4 mm to skull surface). Two recording electrodes were
implanted bilaterally in the hippocampus (AP: −3.6 mm, ML: ±2.6 mm, DV: 3.6 mm). Two
stainless-steel screw electrodes were used as epidural recording electrodes (AP: +2 mm,
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ML: ±2 mm). The other two were placed at the posterolateral surface of the parietal bones
and used as reference and ground. The electrodes were connected to two connectors fixed to
the skull with dental acrylic (Duracryl, Spofa Dental, Czech Republic). All electrodes were
purchased from Plastics One Inc. (Roanoke, VA, USA). We used local anti-inflammatory
and antibiotic solutions (Tobramycin-Dexamethasone) at the end of the surgery. Correct
electrode positioning was verified by Nissl staining at the end of the experiments.

2.4. Stimulation Protocol

After a 10-day post-surgical recovery, animals were placed in a custom-built Plexiglas
cage (40 × 45 × 50 cm3) housed in a Faraday cage in standard conditions. The connectors
were attached to a swivel contact (SL6X2C, Plastics One Inc., Roanoke, VA, USA), allowing
stimulation and recording EEG signals simultaneously on a freely moving rat. Stimulation
was done using the BioStim gate-controller, and pulse pattern generator (STC-8b) con-
nected to a bipolar floating end-stage (BSE-3b; both from Supertech, Pécs, Hungary). The
stimulation signal parameters were verified at the beginning and end of the study by a
shunt resistor connected to an oscilloscope.

Biphasic square pulses (duration: 100 µs, amplitude: 500 µA) were used at 4 Hz
(regular interpulse interval). The animals received a daily package of 4 × 50 s of training
with a 5 min pause between each training for 10 days. The stimulation was performed
in the same period of the day each time (between 3 p.m. and 4 p.m.). EEG was recorded
starting 5 min before the first stimulus train and stopped 5 min after the last. During these
10 days, continuous video recording was maintained and analyzed as previously described.

2.5. Histology and Immunocytochemistry

At the end of the stimulation protocol, rats were deeply anesthetized with a ketamine-
xylazine mixture (90 mg/kg + 10 mg/kg) and transcardially perfused with ice-cold normal
saline solution (0.9%) for 1 min. This was followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) solution containing 15% picric acid, with a 20 mL/min perfusion
rate for 20 min. The brains were postfixed for 24 h in 4% paraformaldehyde.

Then, 60 µm thick coronal sections were cut along the septotemporal axis containing
the whole dorsal hippocampus with a vibratome (Leica, VT 1000S, Nussloch, Germany).
Correct electrode positions were tracked by using Nissl-staining followed by light mi-
croscopy.

For immunocytochemical labeling, we used sections starting from the anterior part
of the hippocampus, where all subfields could already be observed (approx. AP −3.14
to bregma). One to three more sections were analyzed in every animal, each at 180 µm
posterior from the previous along the A-P axis. Sections were washed 3 times for 10 min in
0.1 M PB, then in Tris-buffered saline (pH 7.4) containing 0.1% Triton-X (TBS-T), followed
by incubation in a solution containing 10% normal horse serum (NHS; Vector Laboratories,
Burlingame, CA, USA) in TBS-T for 50 min to block nonspecific binding of antibodies.

Primary antibodies against parvalbumin (PV; polyclonal-guinea pig raised, dilution
1:2000; Synaptics Systems product no: 195004), neuronal nitric oxide synthase (nNOS;
mouse raised-monoclonal nNOS-B1-IgG1 isotype-Sigma-N2280, dilution 1:500), and neu-
ropeptide Y (NPY; rabbit raised monoclonal; Immuno star: 22940, dilution 1:500) were
applied in 0.1% TBS-T with 1% NHS and incubated overnight at room temperature. After
a 3 × 10 min wash in TBS-T, sections were incubated for 4 h using a mixture of the appro-
priate fluorophore-conjugated secondary antibodies applied in 0.1% TBS-T with 1% NHS
at room temperature. Secondary antibodies were the following: donkey raised anti guinea
pig Alexa Fluor 488 (dilution: 1:500, Jackson Immuno Research, product code 706-545-148),
donkey raised anti-mouse Alexa 647 (dilution 1:500, Jackson Immuno Research, product
code 715-605-151), donkey raised anti-rabbit indocarbocyanine 3 (CY3, dilution 1:500,
Jackson Immuno Research, product code 711-165-152). After incubation, sections were
washed 3 times in TBS, mounted on glass slides, coverslipped with Vectashield (Vector
Laboratories, Burlingame, CA, USA), and isolated with nail varnish.
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To test the nonspecific binding of secondary antibodies, sections were prepared with
the same protocol but without primary antibodies. Images were acquired with the same
parameters, and no cell-specific signal similar to the full reaction was observed. Cross-
reactivity of the secondary antibodies was tested by applying all three secondary antibodies
simultaneously with one primary at a time. No labeling was observed after combing the
unrelated secondary antibodies. Tissue autofluorescence was low, and it was not affecting
the signal detection.

Sections were scanned by a Leica SP8 TCS confocal system with an inverted 20× dry
objective. The complete hippocampus was scanned from each section by creating tile- and
z-stack images. Tile-stacks contained 6 × 3 to 7 × 4 scanning fields (depending on the
hippocampal surface area). Z-stacks consisted of 9–10 layers taken at 5 µm intervals. The
image of the whole hippocampal surface was acquired in three different channels. Hip-
pocampal CA1 layer borders (oriens, pyramidale, radiatum, and lacunosum-moleculare)
were marked, and their area was measured using the Fiji software (Extension to Image-J,
NIH, USA). The volume was calculated by multiplying the area by the Z-stack thickness.
Cells were counted manually using the Fiji software’s cell counter function, then reported
as cell number/volume, thereby determining the cell density of different cell types. The
average number of different neuron types in a given region was obtained from bilateral
(left and right hippocampal) counts.

Hippocampal sclerosis frequently occurs in TLE, and previous studies from our group
had reported hippocampal shrinkage in chronic epileptic rats [24]. If the cell number is
constant, the cellular density apparently can increase due to the shrinkage. In order to
offset the effect of tissue shrinkage, a correction factor was introduced. A 3D correction
factor was calculated from the ratio of the mean CA1 surface of the pilocarpine treated rats
and control rats. All densities presented in this study are corrected densities.

2.6. Statistics

Normality was checked using the Shapiro–Wilk, and D’Agostino and Pearson’s test,
and parametric statistical group comparisons were made by using one-way ANOVA for
equal variances and Welch’s ANOVA for unequal variances with the appropriate post hoc
test for multiple comparisons. Data were represented as mean±SEM, and the alpha value
was set to 0.05 if not stated otherwise.

All statistical analyses and graphs were done with GraphPad Prism version 8.

3. Results

All rats from the pilocarpine group had spontaneous recurrent seizures based on
the video recordings. The control animals had no seizures at all. There was a significant
reduction in seizure duration in the DBS group and a reduction in seizure rate. Electrode
implantation did not affect seizure rate or seizure duration.

The area of the CA1 hippocampal subfield was significantly decreased in the pilo-
carpine group by 36.6% (p < 0.0001).

We found single labeled cells (only PV+ or NPY+ or nNOS+) and all possible combi-
nations of double labeling. We did not find any triple labeled cells. In the CA1 area of the
control animals (including also the lacunosum moleculare layer), the most abundant cell
types were the PV+ cells (1394 ± 117.3 cells/mm3) and the NPY+/nNOS+ cells (1054.54
± 91.9 cells/mm3). The rest of the cell types (NPY+, nNOS+, PV+/NPY+, PV+/nNOS+)
were much rarer (Figure 1).

3.1. PV+ Cells

Cells in this group expressed parvalbumin (PV+) but were negative for NPY and
nNOS (Figure 2). They were found in stratum oriens, pyramidale, and radiatum, but
their majority was in the stratum oriens and pyramidale. PV+ cell density did not show
significant differences among the groups (F(3,20) = 1.441, p = 0.26) (Figure 3).
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Figure 3. PV+ cell density in stratum oriens, pyramidale, and radiatum of the CA1 subregion of the
hippocampus. Deep brain stimulation (DBS) was applied to the basolateral amygdala for 10 days in
control (DBS-control) and pilocarpine-induced animals (DBS-Pilo) and compared to controls (control,
n = 8) and pilocarpine-induced animals (SHAM-Pilo). No significant differences were observed
among the groups. Data are presented as means ± SEM.

3.2. PV+/NPY+ Cells

Cells co-expressing PV and NPY are bistratified cells. These cells are negative for
nNOS (Figure 4). Regarding PV+/NPY+ cell numbers, no significant overall differences
were observed between the groups (F(3,20) = 2.173, p = 0.1229) (Figure 5).
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Figure 5. PV+/NPY+ cell density in the CA1 subregion of the hippocampus. No significant differ-
ences were observed among the groups. The density was higher in the DBS groups, but the difference
was not significant, and the density of this cell type was very low compared to other cell types. Data
are presented as means ± SEM.

3.3. NPY+ Cells

The NPY+ (PV– and nNOS–) cells (Figure 6) were much rarer than PV+ cells in our
data. There was no significant difference in cell density among groups (F(3,20) = 1.3,
p = 0.299) (Figure 7), despite that Pilo animals had higher densities.
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Figure 7. NPY+ cell density in the CA1 region of the hippocampus. No significant differences were
observed among the groups, despite that Pilo animals had higher densities. Data are presented as
means ± SEM.

3.4. NPY+/nNOS+ Cells

Cells simultaneously expressing NPY and nNOS are ivy cells in the stratum oriens,
pyramidale, and radiatum (Figure 8). There was significant overall difference among
NPY+/nNOS+ cell density (W = 14 (3.0, 6.97); p = 0.002, Welch’s ANOVA test). The mean
cell density was the lowest in the DBS-Pilo group and highest in the DBS-control group.
Multiple comparisons (Benjamini and Hochberg posttest) had shown that mean cell density
was significantly lower in pilocarpine-treated animals (SHAM-Pilo vs. control 463.5 ± 27.9
vs. 1139 ± 108.9; p < 0.001 and DBS-Pilo vs. DBS-control 391.8 ± 91.68 vs. 1260 ± 202.7;
p < 0.0.05 (mean ± SEM)). There was no significant difference between the SHAM-Pilo and
DBS-Pilo groups (Figure 9).
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Figure 9. NPY+/nNOS+ cell density in the CA1 subregion of the hippocampus. There was a
significant overall difference among groups (Welch’s ANOVA test). Multiple comparisons have
shown that mean cell density was significantly lower in pilocarpine animals compared to controls.
At the same time, there was no significant difference between the sham-operated group (SHAM-Pilo)
and deep brain stimulation group (DBS-Pilo) groups. Data are presented as means ± SEM. * p < 0.05,
*** p < 0.001, ns: no significant difference.

4. Discussion

To test whether DBS influences interneuron cell density in epileptic rats, we evaluated
the density of different types of interneurons, including the two major subclasses of
interneurons (PV expressing interneurons and NPY/nNOS expressing cells). Our results
show a sparing of PV+ and PV+/NPY+ cell density in the CA1 region of the hippocampus
of pilocarpine treated rats, and the amygdala low-frequency stimulation did not influence
these densities. NPY+/nNOS+ cell density was significantly decreased in the epileptic
group, and LFS could not influence this decrease.

Changes in cell numbers in the hippocampus, especially that of interneurons, occur in
TLE. Still, there is insufficient data regarding the possible effect of antiepileptic treatment
on these changes [6], and treatments that could prevent or diminish pathological cell loss
and stop the progressive feature of TLE are lacking [53,54]. Deep brain stimulation is a
novel, promising antiepileptic therapeutic tool in rodents and humans [55,56].

PV+ cell density: We found that PV+ cell density was not modified by the epileptogenic
processes nor by DBS. According to literature PV+ cells (mainly basket + axo-axonic + O-
LM) represent 31% of all interneurons in CA1 area [19,20]. They are fast-spiking inhibitory
cells with a role in generating pyramidal cell oscillations. Increased or decreased activation
of these cells can contribute to hypersynchrony or hyperexcitability of hippocampal activity,
subsequently leading to seizures [11]. Bistratified cells are also PV+ fast-spiking inhibitory
neurons. They are targeting pyramidal cell’s dendritic domains and provide pathway-
specific inhibition by controlling the excitatory inputs to pyramidal cells [21]. PV+/NPY+
(bistratified) cells make up around 6% of all hippocampal cells, but not all bistratified cells
express NPY [11]. In our study, their proportion was 4%. Compared to the PV+ cells, their
ratio is very low, thereby their role in the altered, epileptogenic network activity may be
less important than that of PV+s, and the increased density in the DBS groups (which was
not significant) may be less interpretable.

The changes in the density of PV+ cells during epileptogenesis are not unequivocal.
It was reported that PV+ cell density was reduced in the CA1 region during the first two
weeks following pilocarpine-induced SE [22]. Likewise, André et al. reported that this
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decrease could be observed in the stratum oriens already 24 h after Li-pilocarpine-induced
SE and persisted after 2–3 weeks, while no loss of PV+ cells occurred in the stratum
radiatum and pyramidale [57]. Intrahippocampal injection of KA caused a loss of PV+
and NPY+ cells at injection sites 2 days after SE, the loss being more pronounced after 21
days [58]. When examined two weeks after kainate-induced SE, a similar decrease in PV+
cell numbers was observed [59].

Contrarily, Long et al. observed that during the first week following the pilocarpine-
induced SE, PV+ cell density was preserved in the CA1 region, while after two weeks,
their numbers were already higher. This increase was present even 60 days after SE [60].
Previous findings in our laboratory had shown similar results: PV expressing cell densities
were preserved in the pilocarpine model 4–5 months after SE, so at a later time stage than
in the present study [24]. Preservation of PV density could indicate a possible resistance
of PV cells to cell death [61]. Moreover, their increased perisomatic bouton numbers on
pyramidal cells [60,62] could suggest that perisomatic inhibition is intensified in epileptic
animals in a given period of the disease, leading to pathological hyper-synchronism [63]. In
chronic hippocampal epileptic tissue, removed during epilepsy surgery, decreased PV+ cell
density was reported, despite the sparing of perisomatic GABAergic innervation [23,64].

Preservation of the PV+/NPY+ bistratified cell numbers was already reported in the
pilocarpine model in the early latent phase [22]. Our results extend that observations,
showing preserved cell densities in the early chronic stage of the disease.

Effect of DBS on PV+ cell density: pilocarpine-treated rats that underwent DBS had
slightly lower cell density than non-stimulated rats, but this difference was not significant.
If the preservation of the PV cell density of PV expression in a shrunken hippocampal
volume is a driving mechanism of epileptogenesis, this short DBS protocol does not
alleviate it. As the stimulation did not influence the PV cell density in healthy rats, we
consider that DBS does not impact the PV cell density. The possible therapeutic effect is
not expressed through the PV cells if the DBS is applied in the short-term.

NPY+/nNOS+ cell density: In our study, there was a significant decrease in NPY+/nNOS+
cell density in epileptic animals, and this was not modified by DBS.

NPY+/nNOS+ cells are a group of dendrite innervating GABAergic neurons, and
they represent an abundant type of interneurons in the CA1 [27]. They are ivy cells in
the stratum oriens and pyramidale and neurogliaform cells in stratum L-M of the CA1
area. In the stratum radiatum, around 80% are ivy, and 20% are neurogliaform cells,
respectively [20,26]. NPY+/nNOS+ cells (ivy and neurogliaform cells) represent around
37% of all CA1 inhibitory cells [19,65]. They regulate excitability through slow GABAergic
inhibition, but they may also play a role in maintaining oscillations by fast inhibition [65,66].
Moreover, by synthesizing NO and NPY, they modulate general excitability and synaptic
plasticity and play an important role in the epileptogenic processes [25,28]. Selective
blockage of nNOS can shorten seizure duration and severity [67]. In the cerebral cortex of
epileptic patients, nNOS expression is increased [68]. However, the relationship of NO with
epileptogenesis is controversial, as others found that lamotrigine has anticonvulsant action
partially by reducing the nitric oxide levels in the brain [69]. Moreover, NO increased
the proliferation of neural stem cells and maintained long-term neuroinflammation in
KA-treated mice’s hippocampus [70].

nNOS+ cell numbers were preserved two weeks after SE in the hippocampus of
pilocarpine rats, but 10 months after SE, their numbers were decreased significantly [71].
Like this, in advanced stages of epilepsy, nNOS+ cell numbers were decreased in the
human hippocampus [28].

It is noteworthy that those studies did not use NPY to detect colocalization of NPY
and nNOS, while in this study, both NPY and nNOS labeling were used. Our laboratory’s
previous work had shown that 4–5 months after pilocarpine-induced SE, the nNOS+/NPY+
cell density was significantly decreased [24]. The present work demonstrates that the same
alteration of cell density is already present three months after SE in Li-Pilocarpine rats.
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Park et al. found that following kainate-induced SE, the number of NPY+/nNOS+ neurons
in the CA1 region of the hippocampus was already decreased after the first 20 days [72].

Studies that used the only NPY as a marker reported that the loss of NPY+ cells in the
hippocampus’s hilus was present already 5–10 days after kainate and lithium-pilocarpine-
induced SE [60,73]. At the same time, in contrast with our observations, in the CA1 and
CA3 subfields, the NPY expressing cell density remained unchanged compared to controls
during the first two months after SE [58,60]. This means that the reduction of cell density
may take place between the second and fourth months after SE.

Cells that express NPY and are negative for PV and nNOS are probably from the group
of cells named double-projection cells, and their density is very low compared to the other
groups [18,74]. In our study, in the epileptic animals, only NPY+ cell density was increased
but not significantly compared to controls. A study reported that only NPY+ cell density
was increased in the hippocampal CA1 region of rats 10 days after kainic acid injection [72].
As the previously mentioned studies using NPY did not use nNOS labeling, our results are
not comparable, as most NPY+ cells in the hippocampus are nNOS+ too [58,60,73,75]. We
found a few very large NPY+/nNOS+ cells around stratum pyramidale, intensely stained
with nNOS+, which represent a rare type of projection neurons [10,26]. They were not
taken into account during statistics.

Effect of DBS on NPY+/nNOS+ cell density: To our knowledge, there is no data on the
impact of low-frequency electrical stimulation on hippocampal NPY+/nNOS+ interneuron
density. In our study, DBS did not affect these cell numbers in controls or the epileptic
group. However, these findings should be interpreted carefully due to the relatively low
sample size of the DBS-control and SHAM-Pilo groups.

As PV, NPY, and nNOS are activity-dependent proteins [26,73,76], it may be that some
of the cells were not expressing these proteins in a detectable amount all time, thereby
the real cell numbers could be higher in all groups, even if Wang et al. found that the
percentage of PV+, NPY+, and nNOS+ cells expressing c-Fos was significantly higher in
pilocarpine treated rats 10 weeks after SE [77]. The decreased NPY/nNOS cell density may
be partially explained by changes in detectability of the proteins or reduced or disappeared
expression [60].

5. Conclusions

PV expressing cell density was preserved in the CA1 area of the hippocampus of
pilocarpine treated rats, while the NPY/nNOS expressing cell density was significantly
decreased three months after SE. Decreased density of ivy cells may facilitate increased
general excitability and reduce the seizure threshold. In contrast, the persistence of PV+ cell
numbers in a shrunken hippocampus might facilitate local hypersynchrony and promote
epileptogenesis. Low-frequency electrical stimulation of the left basolateral amygdala
did not influence the PV+ cell density and the decrease of the NPY+/nNOS+ cell density.
Low-frequency stimulation has a robust effect in the short term on seizure rates and
pathological electrophysiological activity; however, our study suggests that this effect does
not occur as a result of modified interneuron densities. Nevertheless, further studies should
address the effect of stimulation protocols applied for longer periods on the morphological
reorganization of the hippocampus.
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Abbreviations

BLA Basolateral amygdala
CA1 Cornu ammonis 1
DBS Deep brain stimulation
EEG Electroencephalography
GABA Gamma-aminobutyric acid
HFS High-frequency stimulation
LFS Low-frequency stimulation
NHS Normal horse serum
nNOS Neuronal nitric oxide synthase
NPY Neuropeptide y
O-LM Oriens-lacunoscum moleculare
PB Phosphate buffer
Pilo Pilocarpine
PTZ Pentylenetetrazole
PV Parvalbumin
SE Status epilepticus
SEM Standard error of the mean
SRSs Spontaneous recurrent seizures
TBS Tris-buffered saline
TLE Temporal lobe epilepsy
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