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ABSTRACT

Background: Up to 80% of mesial temporal lobe epilepsy patients with hippocampal sclerosis (mTLE-HS)
are resistant to pharmacological treatment, often necessitating surgical resection. Deep brain stimulation
(DBS) has emerged as an alternative treatment for patients who do not qualify for resective brain surgery.
Brain stimulation may also exert disease-modifying effects, and noncoding microRNAs have recently
been proposed to shape the gene expression landscape in epilepsy.
Objective: We compared the effect of DBS of 4 different hippocampal target regions on epileptogenesis
and manifest epilepsy in a rat model of mTLE-HS. To explore mechanisms, we profiled the effect of the
most effective DBS paradigm on hippocampal microRNA levels.
Methods: MTLE-HS was induced by electrical stimulation of the perforant pathway (PP) in rats. This
paradigm leads to spontaneous seizures within 4 weeks. We investigated DBS of 4 targets: PP, fimbria
fornix (FF) formation, dentate gyrus (DG) and ventral hippocampal commissure (VHC). We applied both
high- (130 Hz) and low-frequency (5 Hz or 1 Hz) stimulation. Functional microRNAs were identified in
the hippocampus immediately after VHC-DBS and after a 97-day recording period by sequencing small
RNAs bound to Argonaute-2, a component of the miRNA silencing complex.
Results: Low frequency DBS of the VHC significantly delayed the occurrence of the first spontaneous
recurrent seizure in the PPS model by ~300%, from 19 to 56 days. No other stimulation regime altered the
latency phase. Upregulation of 5 microRNAs during epileptogenesis was suppressed by VHC-stimulation.
Conclusion: We conclude that DBS of the VHC delays epilepsy in the PPS model in rats and is associated
with differential regulation of several miRNAs. Additional studies are required to determine whether
VHC-regulated miRNAs serve causal roles in the anti-epileptogenic effects of this DBS model.

© 2019 Elsevier Inc. All rights reserved.

Introduction

Mesial temporal lobe epilepsy (mTLE) is the most common form
of epilepsy that is referred to surgical centers [1]. Development of
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mTLE is frequently preceded by an initial precipitating injury (IPI)
such as complicated febrile seizures or brain trauma [2]. The IPI
triggers the process of epileptogenesis which, after a latency period
that can last months to years, results in the appearance of
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spontaneous recurrent seizures [3]. A common pattern of neuronal
damage in mTLE is hippocampal sclerosis (HS), comprising various
subtypes with neurodegeneration mainly in CA1, CA3 and the hilus
of the dentate gyrus (DG) [4]. Hippocampal sclerosis has been
found in the majority of mTLE patients who underwent resective
epilepsy surgery [5].

Currently, no anti-epileptogenic therapy exists. Moreover, few
mTLE-HS patients become seizure-free under treatment with
antiepileptic drugs (AEDs) [6]. Resective epilepsy surgery is an
appropriate therapy for pharmacoresistant mTLE-HS patients [7].
However, up to 50% of pharmacoresistant mTLE-HS patients do not
qualify for resective surgery (e. g. due to bilateral epileptogenic
zones) [8], and 33% of those who undergo surgery do not become
permanently seizure free [9]. Electrical deep brain stimulation
(DBS) is an alternative treatment option for these patients.
Currently, DBS of the anterior nucleus of the thalamus is approved
for treatment of pharmacoresistant epilepsy in the European Union
and the USA, while responsive neurostimulation (which includes
the possibility to stimulate the hippocampus) is approved in the
USA only. Stimulation of hippocampal structures has anticonvulsive
effects in TLE patients [10]. However, optimal DBS sites are still
being explored and mechanisms of action are poorly understood.
The increase in efficacy of brain stimulation over time [11] impli-
cates molecular alterations. Indeed, an effect of DBS on gene
expression has been recently demonstrated [12].

MicroRNAs (miRNAs) are small, single-stranded RNAs, consist-
ing of 19—25 nucleotides. They regulate protein levels by binding to
messenger RNAs (mRNAs), a process mediated by Argonaute (Ago)
proteins, resulting in inhibition of translation or destabilization of
the target mRNA [13]. It is estimated that at least half of all human
genes are regulated by miRNAs [14—16]. Several miRNAs are
involved in the pathogenesis of epilepsy, and in vivo manipulation
of different miRNAs can influence development of seizures in ani-
mal models [17—19]. Recently, DBS of the subthalamic nucleus was
reported to alter miRNA expression in blood leukocytes from Par-
kinson's disease patients [20]. Furthermore, miRNAs have been
implicated in the neuroprotective mechanism of DBS of the fastigial
nucleus in a model of focal cerebral ischemia/reperfusion in rats
[21].

We hypothesized that DBS has anti-epileptogenic effects that
are mediated in part by altered miRNA expression. To test this idea,
we performed two experiments:

1) We tested the effect of various DBS paradigms on the develop-
ment of epilepsy in a rat model of mTLE-HS. DBS was applied to
different hippocampal structures: Fimbria/fornix (FF), perforant
pathway (PP), dentate gyrus (DG), or ventral hippocampal
commissure (VHC), respectively, with either high (HF, 130 Hz) or
low (LF, 5 Hz or 1 Hz) frequency.

2) We analysed effects of select DBS paradigms on Ago-loaded
hippocampal miRNAs.

Material and methods

We used a toxin free rat model of mTLE-HS after electrical PP
stimulation (PPS) that has been described in detail in Ref. [22]. Key
features of the model are a latency period of 2—3 weeks between
PPS and the occurrence of the first spontaneous seizure, and the
development of the most frequent HS subtype, i. e. ILAE type 1,
which comprises hippocampal neuron loss predominantly in CA1
and CA4 [23].

Animals

Animal experiments were approved by the local regulation au-
thority (Regierungspraesidium Giessen) and were conducted in
accordance with the with the Directive 2010/63/EU.

Adult male Sprague—Dawley rats (320—450 g) were used in all
experiments. Rats were housed in single cages to avoid damage of
implants by littermates. Animals had free access to standard pellet
food and water. A light/dark cycle of 12 h/12 h was maintained.

Experimental procedures

Surgery

The surgical procedures are described in detail in Ref. [24]. In
short, an oval part of the scalp was removed to expose the skull.
Drill holes were prepared for electrode implantation and 4 fixing
screws. An EEG transmitter (A3028R-FB, Open Source Instruments,
Inc., Watertown, MA, USA) was implanted into a skin pouch pre-
pared at the left abdominal site of the rat. Stimulation electrodes
(diameter 0.125 mm, Plastics One, Roanoke, VA, USA) were
implanted bilaterally into the PP and either the FF or DG, or
unilaterally into the VHC. Recording electrodes (diameter 0.25 mm,
Plastics One, Roanoke, VA, USA) were implanted bilaterally into the
DG. Electrode placement was performed according to the co-
ordinates given in Table 1. After fine-positioning of the electrodes as
described in the next paragraph, electrodes were fixed with dental
acrylic cement and placed in a pedestal, which was fixed on the
skull.

Evoked potentials

To adjust the optimal dorso-ventral (DV) positioning of
recording and stimulation electrodes, stimuli of 20 V at 0.5 Hz were
applied via the stimulation electrodes during implantation. Evoked
potentials were recorded from the DG. Electrode placement of PP
electrodes was performed as described in Ref. [25]. For VHC and FF
stimulation in rats, evoked potentials were newly established.
Electrodes were placed according to coordinates from a rat brain
atlas [26] and marked by stimulation with 3 direct current stimuli
with 50V over 30 s, causing local burn marks. Electrode tip posi-
tions were validated after transcardial perfusion of the animal with
0.9% NaCl and subsequent fixation perfusion with 4% PFA by pre-
paring 100 um slices on a cryotome. During surgery, average
evoked potentials of 5 pulses were recorded from the DG while
stimulating with 10V and 0.5 Hz and used as reference potentials
for subsequent surgeries.

Induction of epileptogenesis by PPS

All stimulations were performed with a stimulus generator
(Grass S88, Grass Telefactor/Grass Instruments, USA) and a stimulus
isolator (Model SIU5, Grass Instruments, USA).

After surgery, a 7-day recovery phase was allowed before
bilateral PPS was applied on 2 consecutive days for 30 min and on
the following day for 8 h. The 30 min stimulations on days 1 and 2
induce a state of epileptic tolerance which allows application of 8 h
PPS on day 3 without causing self-sustaining status epilepticus or
mortality [22]. According to the stimulation paradigm, we will
subsequently refer to the model as the 30-30-8-PPS model. The
stimulation was performed with the following parameters: pulse
duration 0.1 ms, frequency 2 Hz, voltage 20V, twin pulses with
interpulse interval of 40 ms, additional trains of 20 Hz single pulses
at 20V applied once per minute for 10 s [22].

Long-term DBS
High frequency stimulation was performed continuously for 1
week with 130 Hz and 0.1 V based on evidence from Ref. [27]. Low
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Table 1
Coordinates for implantation of stimulation and recording electrodes.

Stimulation target anterior-posterior (AP)

medial-lateral (ML) [mm to sagittal suture]

dorsal-ventral (DV) [mm to skull surface]

DG (recording) —3 mm of Bregma +2
DG (stimulation) —5.2 mm of Bregma +3
PP (stimulation) rostral of Lambda +4.5
FF (stimulation) —1.6 mm of Bregma +0.8

VHC (stimulation) —1.5 mm of Bregma +0.15

=45
=45
=3.5
=49
=42

frequency stimulation of FF, DG and PP was performed continu-
ously with 5Hz and 2 V for 1 week based on evidence from a fornix
stimulation trial in humans with mTLE [28]. Low frequency stim-
ulation of the VHC was performed continuously with 1 Hz and 1V
for 2 weeks based on evidence from Ref. [29].

For DBS of the respective target, rats were connected to a swivel
commutator and could move freely in their cages. Stimulation was
performed with single pulses, biphasic square waves, 0.1 ms pulse
duration.

Control animals were implanted identically with a transmitter
and electrodes and also connected to the stimulator via a swivel
commutator for corresponding periods (1 or 2 weeks, respectively)
but were not stimulated.

Continuous video EEG monitoring

Video and EEG were recorded continuously for up to 97 days.
The recording period was chosen because of the maximal predicted
battery life of the transmitters (3 months) and the additional 7 d
period between implantation and PPS. Data from previous experi-
ments with the same animal model have shown that the recording
period if sufficient to evaluate seizure onset and frequency. EEG
recordings were performed with an Octal Data Receiver (A3027,
Open Source Instruments, Inc., Watertown, MA, USA) with a sam-
pling rate of 512/s. Data were recorded in NDF (Neuroscience Data
Format) and converted to EDF (European Data Format) for analysis
with EDFbrowser (version 1.57+). Video recording was performed
with infrared cameras (IC-7110W, Edimax Technology, Willich,
Germany) and sampled with the SecuritySpy software (Ben Soft-
ware Ltd., London, UK).

The total EEG of all rats was screened visually for appearance of
seizure patterns by two experienced reviewers (LC, VN). In accor-
dance with clinical practice in epileptology, seizure patterns were
defined as rhythmic activity of at least 10 s which clearly broke
background activity, contained epochs of high frequency spikes or
spike-wave-complexes, and showed an evolution in frequency and
amplitude [30]. Video was used to clarify appearance of artefacts
(e.g. chewing, scratching).

Group size calculations

Group size calculations were performed using two-sided t-tests
(e = 0.05, power 0.8) with data for seizure frequencies and duration
of the latency period from Ref. [22]. For the outcome parameter
“duration of latency period”, group size was n=6, while for
outcome parameter “seizure frequency”, group size was n = 5. For
ethical reasons, groups were not completed if it was obvious in the
first 2 or 3 animals that there were adverse rather than beneficial
effects on the outcome parameter of the applied DBS. The final
actual group sizes are listed in the next section.

Experimental groups
In experiment 1, we tested HF-DBS and LF-DBS of various hip-

pocampal targets (PP, DG, FF, VHC). All animals were implanted
with PP stimulation electrodes (in order to induce mTLE-HS) and

DG recording electrodes (in order to record long term EEG). In all
animals (experimental and controls), mTLE was induced by 30-30-
8 PPS as described above. Animals in the respective groups were
implanted with additional stimulation electrodes in the DG, FF or
VHC, respectively (Table 1). Control animals were implanted iden-
tically but were not stimulated.

Group identifiers (Table 2) consist of abbreviations for

o the time of DBS: During epileptogenesis (EPG) or manifest epi-
lepsy (ME)

o the DBS target: FF, PP, DG, or VHC

o the stimulation frequency (HF or LF)

o the time point at which the animal was sacrificed (14 d or 97 d).

Experiment 2

After identification of low frequency stimulation of the VHC
(VHC-LES) as anti-epileptogenic, two groups were added to assess
immediate effects of 2 weeks of VHC-LFS (Table 3). These animals
were killed 14 d after PPS, i. e. immediately after the end of VHC-LFS
(if applied). In order to control for the effects of acute symptomatic
seizures (as compared to unprovoked spontaneous seizures in ep-
ilepsy) and for the mere effect of PPS (as compared to epilepto-
genesis induced by PPS), we included two additional control
groups: One group was implanted following the usual protocol and
developed acute symptomatic seizures within a few days after
implantation, but did not receive PPS, and no spontaneous seizures
(i.e. no epilepsy) occurred later (Ctrl-noPPS-97d). Another group
received per-protocol PPS but did not develop epilepsy (Ctrl-no-
seizure-97d).

Experimental course

After implantation of electrodes and EEG transmitters, rats were
allowed to recover for 7 days, before 30-30-8 PPS was applied. To
evaluate a possible anti-epileptogenic effect of DBS, stimulation
was started one day after the final PPS (i. e. during epileptogenesis)
and continued for 7 or 14 days, respectively (Fig. 1, above). To test an
anticonvulsive or disease modifying effect, DBS was started 1—3
days after the first spontaneous seizure (i.e. during manifest epi-
lepsy; Fig. 1, below). EEG was recorded for 3 months after DBS.
Subsequently, rats were transcardially perfused with 0.9% NaCl.
Hippocampi were removed on ice and snap frozen at —80 °C until
further use.

MiRNA sequencing

Argonaute 2-immunoprecipitation (Ago2 IP) and small-RNA
sequencing were performed in 3 randomly chosen animals per
group as previously described in Ref. [18]. For the additional groups
of rats perused 14d after PPS all 6 rats were included for
sequencing. Ago2-IP was performed using Ago2-antibody (Cell
Signaling, Cat. #2897) and protein A/G beads (Santa Cruz Biotech-
nology).  After  Trizol/chloroform extraction of  the
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Table 2
Treatment and control groups for experiment 1.

1393

Group identifier n DBS applied during DBS target DBS frequency Time point of transcardial perfusion
EPG-FF-LF-97d 6 Epileptogenesis FF 5Hz 97d
EPG-FF-HF-97d 3 130Hz 97d
EPG-PP-LF-97d 5 PP 5Hz 97d
EPG-PP-HF-97d 4 130Hz 97d
EPG-DG-LF-97d 2 DG 5Hz 97d
EPG-DG-HF-97d 2 130Hz 97d
EPG-VHC-LF-97d 6 VHC 1Hz 97d
ME-FF-LF-97d 5 Manifest epilepsy FF 5Hz 97d
ME-FF-HF-97d 3 130Hz 97d
ME-PP-LF-97d 3 PP 5Hz 97d
ME-PP-HF-97d 2 130Hz 97d
ME-DG-LF-97d 2 DG 5Hz 97d
ME-DG-HF-97d 2 130Hz 97d
ME-VHC-LF-97d 5 VHC 1Hz 97d
Ctrl-FF-97d 5 n/a n/a n/a 97d
Ctrl-PP-97d 5 97d
Ctrl-VHC-97d 4 97d

EPG = epileptogenesis, ME = manifest epilepsy. Ctrl = control. DG = dentate gyrus, FF = fimbria/fornix, PP = perforant pathway, VHC = ventral hippocampal commissure.
HF = high frequency, LF = low frequency. 14d: Animal was sacrificed 14 d after induction of epilepsy by PPS; 97d: Animal was sacrificed 97 d after induction of epilepsy by PPS

(EPG groups) or 97 d after begin of DBS (ME groups).

Table 3
Additional treatment groups for experiment 2.

Group identifier n DBS applied during DBS target DBS frequency Time point of transcardial perfusion
LF-VHC-14d 6 Epileptogenesis VHC 1Hz 14d
Ctrl-VHC-14d 6 n/a n/a n/a 14d
Ctrl-noPPS-97d 3 n/a n/a n/a 97d
Ctrl-no-seizure-97d 3 n/a n/a n/a 97d

For abbreviations, see legend of Table 2.

immunoprecipitated RNA the TruSeq Small RNA Sample Prep Kit
(Illumina) was used to prepare sequencing libraries, reducing the
all kit reagents to half and increasing PCR cycle number to 15 to
accommodate low RNA input. After sequencing, FastX toolkit and
cutadapt were used to quality filter and adapter trim the
sequencing reads. Filtered data was used to profile mature miRNA
sequences from miRBase v21 allowing zero mismatches except for
removal of 3'end A and T nucleotides.

Target prediction

Predicted targets (hsa, rno and mmu) for miRNA-129-5p,
miRNA-379-3p, miRNA-410-3p, miRNA-431 and miRNA-433-3p
were retrieved from TargetScan Release 7.1 [31] and miRDB [32].
To focus on human and rat interactions, we removed targets
predicted only in mouse. To calculate a score for predicted miRNA-
target interactions (MTIs) (Pscore) as reported previously [33], we
first scaled the scores generated by the prediction algorithms
(TargetScan's cumulative weighted context score) between 0 and
1 and summed these scores. We multiplied this sum by the
number of algorithms in which the MTI was predicted (1 or 2), and
finally scaled this between 0 and 1. For visualisation purposes, we
further filtered the MTIs based on the following criteria: MTIs
were retained if they had a Pscore >0.75 in either rat or human or
if the sum of these Pscores >1. If any targets included in this
filtered list were also targeted by another miRNA, this second MTI
was also retained (provided the sum of its Pscores >0.3), to
investigate the interconnectedness between the five miRNAs. 159
MTIs with 128 unique targets were visualised using a Chord dia-
gram, which was generated using the ‘circlize package in R
version 3.5.1 [34]. The width of each link corresponds to the sum
of the rat and human Pscores for that MTI. Code is available on

request. Transcription factors were identified from AnimalTFDB
[35].

Statistical analysis

Duration of the latency period and seizure frequencies are
provided as means + standard deviations (text) and as box plots
with median and quartiles (figures). For comparison of latency
periods and seizure frequency with the respective control groups,
the Mann-Whitney-U test was used.

The miRNA expression values obtained by Ago2-IP miRNA
sequencing were normalized as reads per million. For each sample
individual miRNA read numbers were divided by the total number
of miRNA mapping reads in the sample and multiplied by 1 million.
This was done to remove differences caused by different number of
reads in the various samples. Statistical significance was tested
using analysis of variance (ANOVA) using aov in R with false dis-
covery rate (FDR) calculated using the Benjamini-Hochberg pro-
cedure using p.adjust in R. Boxplots show median, quartiles and
min/max.

Results
Low frequency stimulation of the VHC delays epilepsy

The aim of the first experiment was to investigate possible
anti-epileptogenic and anti-epileptic effects of DBS of 4 different
hippocampal targets in a rat model of mTLE. Low frequency DBS
of the VHC had an anti-epileptogenic effect, increasing the la-
tency period from 19+ 11 to 56 +23 days (p=0.004; Fig. 2).
None of the other DBS paradigms significantly altered the latency
period.
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Fig. 1. Experimental course of experiment 1 to validate the anti-epileptogenic (above) and anticonvulsive (below) effect of DBS. Seven days after electrode 30-30-8 PPS was
applied. DBS of one out of 4 targets was applied either starting one day after PPS (to test for anti-epileptogenic effects) or 1—3 days after the first spontaneous seizure (to test for

anti-epileptic effects).

Application of the tested stimulation paradigms during manifest
epilepsy (ME) did not significantly alter seizure frequency
measured during or after DBS as compared to PP/FF/DG controls
(Fig. 3). We found a significantly lower seizure frequency in ME-
VHC-LF-97d (0.3 + 0.2 seizures/d) compared to the matching con-
trol group (Ctrl-VHC-97d; 1.3 + 0.7 seizures/d, p = 0.028). However,
this is likely caused by an unusually high seizure frequency in the
Ctrl-VHC-97d group as compared to other control rats without VHC
electrodes (Ctrl-PP-97d: 0.3 + 0.3 seizures/d; Ctrl-FF-97d: 0.4 + 0.1
seizures/d).

Epileptogenesis is associated with select alterations of miRNA
expression

The effect of PPS on functional (Ago-loaded) miRNA has not
previously been explored. In the 6 experimental groups, RNAseq
analysis of the hippocampus of rats subjected to PPS detected 200
hippocampal miRNAs with an expression of >100 rpm. This rep-
resents approximately half of all annotated rat miRNAs [36].

Twenty-four miRNAs were differentially regulated between
epileptogenesis (14 d after induction of epilepsy) and manifest
epilepsy (97 d after induction of epilepsy, Table 4). Immediately
after 14 d of VHC-LFS, 8 miRNAs were differentially expressed as
compared to non-VHC-stimulated controls. About 3 months after
14 d of VHC-LFS, 15 miRNAs were differentially regulated between
VHC-stimulated animals and controls.

A principle component analysis (PCA) shows clustering of the
respective treatment groups (Fig. 4). Furthermore, later time points
group together and are separated from rats that were either
perfused early, did not receive PPS or did not develop spontaneous
seizures. This pattern suggests an effect of epileptogenesis on
miRNA expression.

Upregulation of 5 miRNAs was suppressed by VHC stimulation

VHC-LFS was found to block changes to a set of five miRNAs
(129-5p, 410-3p 431, 433-3p and 379-3p) normally upregulated
during epileptogenesis (for relative changes see Fig. 5, absolute
expression is shown in Fig. 6). Hippocampal miRNA expression data
from the same animal model during and after epileptogenesis
confirmed the pathological upregulation of miRNA-129-5p and
miRNA-433-3p in manifest epilepsy, whereas miRNA-379-3p,
miRNA-410-3p and miRNA-431 were not significantly regulated
in manifest epilepsy (unpublished data).

MiRNAs suppressed by VHC stimulation are predicted to regulate N-
glycan biosynthesis and growth factor signalling

Pathway enrichment analysis (miRPath v.3 [37]) of miRNAs 129-
5p, 379-3p, 410-3p, 431 and 433-3p (Table 5) suggested that these
miRNAs may be involved in the regulation of N-Glycan
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biosynthesis, MAPK and Ras signaling pathways, and pathways
associated with amphetamine addiction.

To further investigate the functional role of these miRNAs,
we analysed their predicted gene targets and derived a score for
each interaction from TargetScan [31] and miRDB [32] predic-
tion algorithms (see Methods). The top-scoring predicted
targets of miRNAs 129-5p, 379-3p, 410-3p, 431 and 433-3p are
shown in Fig. 7, all of which are expressed in the brain (Human
protein atlas, https://www.proteinatlas.org/humanproteome/
brain; [37]).

Discussion

The present study demonstrates for the first time that DBS of the
VHC can delay the development of epilepsy in a rat model. We also
show that DBS produces a highly specific regulation of a set of
miRNAs including miRNAs previously implicated in seizure control
as well as novel miRNAs not previously associated with epilepsy.
Together, the findings support important roles for DBS in modula-
tion of epileptogenesis and identify potential molecular
mechanisms.


https://www.proteinatlas.org/humanproteome/brain
https://www.proteinatlas.org/humanproteome/brain

1396

Table 4

LS. Costard et al. / Brain Stimulation 12 (2019) 1390—1401

Significant relative miRNA changes in epileptogenesis and VHC-LFS.

Significant regulation between

epileptogenesis and manifest epilepsy

Downregulated in Ctrl-VHC-97 d vs.Ctrl-

Significant regulation immediately after

VHC-DBS

Downregulated in LF-VHC-14d vs. Ctrl-VHC-

Significant regulation =3 months after

VHC-DBS

Downregulated in EPG-LF-VHC-97d vs. Ctrl-

VHC-14d 14d VHC-97d
miRNA relative change miRNA relative change miRNA relative change
187-3p —54% 129-2-3p —45% 132-3p —51%
129-2-3p —38% 24-3p —27% 431 —44%
3085 —37% let-7b-5p —20% 410-3p —39%
24-3p -30% 129-5p -38%
191a-5p —28% 341 —37%
326-3p —27% 369-3p —33%
148b-3p —26% 337-5p -31%
103-3p -17% 487b-3p —30%
136-5p —30%
323-3p —29%
433-3p —28%
379-3p —28%
181a-1-3p —22%
Upregulated in Ctrl-VHC-97 d vs. Ctrl-VHC- Upregulated in LF-VHC-14d vs. Ctrl-VHC- Upregulated in EPG-LF-VHC-97d vs.Ctrl-
14d 14d VHC-97d
miRNA relative change miRNA relative change miRNA relative change
485-3p 129% 181a-1-3p 28% let-7a-5p 16%
136-5p 122% let-7d-3p 27% let-7f-5p 14%
379-3p 73% let-7e-5p 19%
1224 72% let-7d-5p 19%
132-3p 62% let-7a-1-3p 18%
181a-1-3p 62%
410-3p 59%
129-5p 59%
431 50%
let-7d-3p 48%
150-5p 46%
487b-3p 34%
27b-5p 32%
433-3p 27%
101a-3p 26%
let-7c-3-3p 24%
let-7¢c-3-3p 24%
P-values are calculated as described by [64].
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PC1 Fig. 5. Expression pattern of 5 miRNAs (miRNA-129-5p, 410-3p 431, 433-3p and

379-3p) which were upregulated in manifest epilepsy and whose upregulation was
prevented by VHC-LFS. MiRNAs were grouped according to similar expression pat-
terns by cluster analysis calculating the Euclidean distance between clusters. Expres-
sion values are normalized to have a mean expression value of 0. Expression of all 5
miRNAs is higher in the Ctrl-VHC-97d group compared to all other groups (Ctrl-VHC-
14d, Ctrl-no-seizure, Ctrl-noPPS, LF-VHC-14d, EPG-VHC-LF-97d).

Fig. 4. PCA of miRNA expression data from LF-VHC-stimulated animals at 2 time
points (14d or 97d after induction of epilepsy) and 4 control groups. The PCA
shows clustering of samples from similar groups and a separation of the late time point
groups which underwent epileptogenesis (circle) from the early time point groups and
non-epileptic control groups (Ctrl-noPPS and Ctrl-no-seizures).
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Fig. 6. Quantitative expression profiles of the 5 miRNAs from Fig. 5. All 5 miRNAs were significantly upregulated during epileptogenesis in Ctrl-VHC-97d compared to Ctrl-VHC-
14d animals. The upregulation was prevented by VHC-LFS (LF-VHC-14d vs. EPG-VHC-LF-97d). Boxplots show median and quartiles, whiskers indicate minimum and maximum.

Effects of DBS on epileptogenesis and manifest epilepsy

Low frequency DBS of the VHC significantly prolonged the la-
tency period and can therefore be considered anti-epileptogenic. To
our knowledge, an anti-epileptogenic effect of VHC stimulation has
not yet been validated. Various DBS paradigms targeting hippo-
campal structures or the amygdala have been shown to modify the
epileptogenesis process [38—43]. However, only a few possible
underlying mechanisms such as increased binding of ligands to

benzodiazepine receptors [40] or activation of adenosine receptors
[41] have been discussed.

Low frequency DBS of the VHC has previously been shown to
produce anticonvulsive effects in a rat model of manifest epilepsy
induced by amygdala stimulation, and in a genetic mouse model of
epilepsy [29,44]. In accordance with these data, we found a
significantly lower seizure frequency compared to control animals
with implanted but unstimulated VHC electrodes. However, no
significant difference in seizure frequency appeared between VHC
stimulated rats and control groups without VHC electrodes. We
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Table 5
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Pathway enrichment analysis of chronically regulated miRNAs 129-5p, 379-3p, 410-3p, 431 and 433-3p.

Pathway p-value miRNAs Predicted mRNAs
N-Glycan biosynthesis 0.00003 miRNA 129-5p Manlal
miRNA 431 Manla2
miRNA 410-3p Manlcl
ALG12
MAPK signaling pathway 0.00007 miRNA 410-3p Ntrk2, sos1, NIk, Dusp2, Nr4al, Ntf3, Rap1a, Lamtor3, Pdgfra, Fgfr2
miRNA 431 Tab1, Rapgef2
miRNA 129-5p Prkx, Map4k4, Dusp10, c-Fos, Fgf13, Cacng2, ELK4, ETS Elk4,
Tab 2
miRNA 379-3p Dusp10, Ppp3r1, Dusp8
miRNA 433-3p Rps6ka5
Amphetamine addiction 0.00023 miRNA 129-5p Prkx, Fos, Valm1, Creb5, Gria2, Slc18a2
miRNA 410-3p Creb5, Hdac1, Gria2
miRNA 379-3p Ppp3r1
Ras signaling pathway 0.00554 miRNA 410-3p Sos1, Vegfa, Ets1, RAP1A, Gng5, Pdgfra, Fgfr2
miRNA 129-5p Prkx, Ets1, Igf1, Kitlg, Fgf13, Calm1, Ralbp1, Pak7, Plcel
miRNA 433-3p Pak 4
miRNA 431 RAB5B, Rab5b

assume that the implantation of VHC electrodes itself might be
proconvulsive and that this effect is abrogated by electrical stim-
ulation of the implanted VHC electrodes.

Five Hz FF stimulation prolonged the latency period in some
rats, but latency was very variable in this group. The FF is a rela-
tively small structure, and implantation of stimulation electrodes
into the FF is a newly established method. We verified implantation
coordinates in additional animals, but this was not possible in an-
imals that were used for miRNA sequencing. Hence, imperfect
placement of the electrodes cannot be excluded with absolute
confidence and might have contributed to deviations in the results.
There was no association between latency and age of rats at the
time of surgery, size of population spikes during PP electrode im-
plantation or onset of acute symptomatic seizures.

Direct translation of the anti-epileptogenic effect of VHC stim-
ulation into clinical medicine poses several difficulties: Reliable
biomarkers of human epileptogenesis are currently not established.
Furthermore, compared to rodents, the VHC virtually disappeared
during human phylogeny [45]. The dorsal hippocampal commis-
sure, is preserved in humans, and its electrical stimulation atten-
uated interictal and ictal EEG activity in epileptic humans; however,
the effect was rather attributed to co-stimulation of the nearby
fornix [29]. Non-invasive brain stimulation paradigms such as
transcutaneous vagal nerve stimulation or transcranial direct cur-
rent stimulation are anticonvulsive and have few side effects
[46—48] and are therefore applicable in patients at high risk for
epileptogenesis. If the molecular alterations induced by VHC
stimulation could be replicated by non-invasive stimulation tech-
niques, this could prepare the ground for translation of anti-
epileptogenesis into clinical use.

More importantly, our results raise the possibility of indirect
translation. Rather than exerting anti-epileptogenic effects by
stimulating the brain of humans at risk for epileptogenesis, it might
be possible to replicate the anti-epileptogenic effects of VHC
stimulation by direct manipulation of miRNAs that were altered by
VHC stimulation, overcoming anatomical differences in the brains
of humans and rats.

MiRNA regulation after VHC-LFS
MiRNAs 129-5p, 379-3p, 410-3p, 431 and 433-3p were upre-

gulated in control animals with manifest epilepsy. This upregula-
tion was prevented by VHC-LFS.

The five miRNAs were not regulated in animals that experienced
acute symptomatic seizures shortly after electrode implantation
but did not develop epilepsy later. Hence, we assume that regula-
tion of these miRNAs is not simply seizure-induced but rather
associated with actual epileptogenesis.

The role of miRNA-129-5p in neuronal excitability and in TLE has
been investigated extensively. MiRNA-129-5p was upregulated in
pilocarpine-induced epilepsy in mice [49], during early epilepto-
genesis and in manifest epilepsy in the 30-30-8-PPS model, and in
resected hippocampal tissue from mTLE patients [18,50]. Antago-
nization of miRNA-129-5p prior to intra-amygdala kainic acid-
induced status epilepticus had an anticonvulsive effect [18]. Pre-
vention of the pathological upregulation of miRNA-129-5p by VHC-
LFS might contribute to the anti-epileptogenic effect of this DBS
paradigm. Possible mechanisms involved in the action of miRNA-
129-5p comprise regulation of the potassium channel Kv1.1 [51]
and synaptic downscaling, which might have a maladaptive role in
epileptogenesis and was completely prevented by antagonising
miRNA-129-5p [18]. The latter process involved regulation of the
miRNA-129-5p targets Atp2b4 (a calcium pump) and doublecortin.

Upregulation of miRNA-433-3p was described in a pilocarpine,
PPS and amygdala-stimulation model in rats [49,52,53]. On the
other hand, miRNA-433-3p was downregulated after acute seizures
induced by 6 Hz stimulation in mice [54], during epileptogenesis in
a pilocarpine model [54,55] and in hippocampal tissue from TLE
patients compared to autopsy control tissue [56]. Thus, the role of
miRNA-433-3p in epileptogenesis and epilepsy is less clear than the
role of miRNA-129-5p.

Conflicting results have been reported for miRNA-379-3p
(upregulation in the present study, downregulation during epi-
leptogenesis in a pilocarpine model [55]) and for miRNA-410-3p
(upregulation in chronic epilepsy after pilocarpine-induced SE
[49], but not in earlier data from the 30-30-8-PPS model (unpub-
lished data)). MiRNA-379-3p and miRNA-410-3p both belong to the
miRNA-379-410 cluster, which also includes miRNA-134-5p.
MiRNA-134-5p influences the shape of dendritic spines [57].
Furthermore, silencing of miRNA-134-5p was anticonvulsive after
induced status epilepticus in mice [58] and reduced induced
epileptiform activity in brain slices [59].

For miRNA-431, upregulation during epileptogenesis was found
in pilocarpine models of rats [49] and mice [54], as well as in a
mouse kainate model [60]. These findings are consistent with our
results. However, overall hippocampal expression levels of miRNAs
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Fig. 7. Chord diagram showing predicted targets of the 5 miRNAs whose upregulation during epileptogenesis was prevented by VHC-LFS. The miRNAs and their mRNA targets
are represented by coloured sectors around the outside of the circle (transcription factors are coloured red). Sectors are linked if a miRNA-target interaction (MTI) is predicted
between the miRNA and mRNA target, as described in the Methods. The width of each link corresponds to the MTI Pscore associated with that link (MTIs with wider links have
higher scores). MTIs that are also validated by strong experimental evidence (Western Blot, reporter assay, or qRT-PCR as classified by miRTarBase Release 6.0 [61] are highlighted by
links with black borders. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

379-3p and 431-5p were very low, questioning their relevance for
pathophysiological processes in the development of epilepsy.

Possible mechanisms of VHC stimulation

Several of the top-scoring predicted targets of the 5 miRNAs
whose regulation was suppressed by VHC stimulation have been
previously associated with epilepsy, including ADAM10 (Dis-
integrin and metallopeptidase domain 10), ADD3 (Gamma-addu-
cin), CAMTA1 (Calmodulin-binding transcription activator 1), CDH2
(Cadherin 2), DNAJC5 (DnaJ homolog subfamily C member 5), FMR1
(fragile X mental retardation 1), GFRA2 (glial cell line derived
neurotrophic factor family receptor alpha 2), KAT6A (Histone ace-
tyltransferase KAT6A), NRG2 (Pro-neuregulin-2, membrane-bound
isoform) and PLCB1 (Phospholipase C, beta-1) (http://carpedb.ua.
edu/and [61]). In addition, we identified novel putative targets
that may be involved in epileptogenesis. According to the

performed pathway analysis, N-Glycan biosynthesis and growth
factors might be affected by the miRNAs upregulated in PPS rats but
not in VHC stimulated PPS rats. Both pathways have been associ-
ated with epilepsy in prior studies [62,63].

Our target prediction analyses of miRNAs with a presumptive
role in anti-epileptogenic or anticonvulsive treatment effects might
offer insights into less considered mechanisms of such effects.

Limitations of the study

Causing and preventing experimental epileptogenesis poses a
dilemma: A long latency period is desirable to investigate epilep-
togenic mechanisms in detail but significantly prolongs time and
efforts in screening and treatment experiments. The 30-30-8-PPS
model provides not only the histological pattern of HS ILAE type
1 but also a latency period of 2—4 weeks, sufficient to test weeks-
long interventions like DBS. On the other hand, throughput is
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low, complicating screening of different DBS paradigms. Many DBS
variables can be adjusted (e. g. target structure, duration, voltage/
current, frequency, polarity, pulse form, single pulse duration,
number of phases, intermittent vs. continuous stimulation),
allowing for a virtually unlimited number of stimulation paradigms.
Therefore, we aimed to align the tested DBS paradigms as closely as
possible to established evidence. There is clinical evidence for an
anticonvulsant effect of 5 Hz fornix stimulation in human TLE pa-
tients [28], so we adopted this paradigm for DBS of FF, PP and DG.
For VHC DBS, on the other hand, there is evidence of anticonvulsant
efficacy only for a 2 weeks stimulation with 1 Hz [29]. The need to
follow prior evidence led to differences in frequencies and duration
between the tested paradigms. Because even small adjustments
could possibly make substantial clinical differences, we cannot
exclude that stimulating FF, PP or DG for longer periods (e. g. 2
weeks) or with different frequencies (e. g. 5 Hz) could have influ-
enced epileptogenesis differently. Hence, a direct comparison be-
tween efficacy of FF-, PP- and DG-DBS on the one hand with VHC-
DBS on the other hand is not possible from our data.

The total number of interventions that can be tested is restricted
by the long duration of a complete experimental cycle (>3 months
per animal). Overlap of miRNA regulation in epileptogenesis should
be investigated in different animal models to facilitate further ex-
periments on miRNA manipulations in vivo.

Conclusion

Low frequency DBS of the VHC has an anti-epileptogenic effect,
delaying onset of epilepsy, and is associated with differential
regulation of several miRNAs. Manipulation of one or more of the
five identified miRNAs could be an appropriate way to target
complex processes like epileptogenesis. If miRNA manipulation can
replicate the effect of DBS should be investigated by in vivo knock
down.
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