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Epilepsies are a group of common neurological diseases exerting a strong burden
on patients and society, often lacking clear etiology and effective therapeutical
strategies. Early intervention during the development of epilepsy (epileptogenesis) is
of great medical interest, though hampered by poorly characterized epileptogenetic
processes. Using the intrahippocampal kainic acid mouse model of temporal lobe
epilepsy, we investigated the functional role of the endogenous opioid enkephalin
during epileptogenesis. We addressed three sequential questions: (1) How does
enkephalin affect seizure threshold and how is it regulated during epileptogenesis?
(2) Does enkephalin influence detrimental effects during epileptogenesis? (3) How is
enkephalin linked to mitochondrial function during epileptogenesis?. In contrast to other
neuropeptides, the expression of enkephalin is not regulated in a seizure dependent
manner. The pattern of regulation, and enkephalin’s proconvulsive effects suggested
it as a potential driving force in epileptogenesis. Surprisingly, enkephalin deficiency
aggravated progressive granule cell dispersion in kainic acid induced epileptogenesis.
Based on reported beneficial effects of enkephalin on mitochondrial function in
hypoxic/ischemic states, we hypothesized that enkephalin may be involved in the
adaptation of mitochondrial respiration during epileptogenesis. Using high-resolution
respirometry, we observed dynamic improvement of hippocampal mitochondrial
respiration after kainic acid-injections in wild-type, but not in enkephalin-deficient mice.
Thus, wild-type mice displayed higher efficiency in the use of mitochondrial capacity
as compared to enkephalin-deficient mice. Our data demonstrate a Janus-headed role
of enkephalin in epileptogenesis. In naive mice, enkephalin facilitates seizures, but in
subsequent stages it contributes to neuronal survival through improved mitochondrial
respiration.
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INTRODUCTION

Mesial temporal lobe epilepsy (mTLE) is the most common
epilepsy syndrome in adults (Goldberg and Coulter, 2013;
Blumcke et al., 2017) and is one of the most refractory forms
of human epilepsy (Engel, 2001; Asadi-Pooya et al., 2017). In
numerous cases mTLE is an acquired disorder following a severe
brain trauma that triggers a cascade of poorly characterized
molecular changes (termed epileptogenesis) ultimately leading
to the generation of spontaneous recurrent seizures and chronic
epilepsy (Pitkdnen et al., 2016). Although not yet well understood,
chronic stress appears to be a risk factor for the development
of epilepsy (Baldin et al, 2017), and individual stressors
represent important triggers for seizures (van Campen et al,
2014).

Activation of delta opioid receptors (DOPr) through it’s
endogenous ligand enkephalin (Enk) is considered to mediate
proconvulsive effect. Loacker et al. (2007) observed a pronounced
decrease of seizure threshold after injection of the specific
DOPr-agonist SNC80 upon pentylenetetrazole tail-vein infusion
in C57BL/6N mice. However, the proconvulsive properties
of DOPr-selective agonists appear to be strain and species
specific (Clynen et al., 2014). On the other hand, Enk is
upregulated in the hippocampus in rats upon stress (Li
et al,, 2018) and appears to be important for adaptations to
stress (Henry et al., 2017, 2018), thus potentially representing
a molecular link between the association of stress and
seizures/epilepsy.

Furthermore, DOPr activation has been implicated in
neuroprotection under conditions of hypoxia (Mayfield and
D’Alecy, 1994a,b), ischemia (Gao et al., 2012), and excitotoxicity
(Zhang et al., 2000). This effect might be mediated by
mitochondrial alterations (Zhu et al., 2011).

Changes of mitochondrial function have been described
to occur after seizures and during epileptogenesis. Oxidative
stress and mitochondrial dysfunction appear to be important
factors in the pathogenesis of epilepsy (Folbergrova and
Kunz, 2012; Rahman, 2015). Mitochondria are also intimately
involved in pathways leading to neuronal cell death observed
in experimental and human epilepsy (Blimcke et al,
1999).

Epileptic patients often exhibit reduced mitochondrial
Complex I (CI) activity and defects in CI are potent
generators of epileptogenesis (Kunz et al., 2004; Rahman,
2015). In line with this, induction of seizures in rats
causes secondary mitochondrial dysfunction, affecting
primarily CI (Kudin et al, 2002; Folbergrova et al,
2010).

We investigated the regulation of Enk during epileptogenesis
and studied its effect on seizure threshold. Due to our
findings, we probed for differential neuropathological and
neurochemical outcomes in prepro-Met-Enk-deficient (Enk=/~)
mice in the kainic acid (KA) model. Hypothesizing Enk to
play a role in mitochondrial dysfunction in epilepsy, we
compared wild-type (WT) and Enk~/~ mice at different
time intervals after KA injection applying high-resolution
respirometry.

MATERIALS AND METHODS

Animals

Young adult, male C57BL/6 mice (WT) and prepro-Met-
enkephalin deficient (Enk™/~) mice (Konig et al., 1996) were
used in all experiments. Quantitative real-time PCR (qPCR)
applied on cortical and hippocampal samples revealed no
differences in opioid receptor mRNA-expression between WT
and Enk~/~ mice (Supplementary Figures S2A-F).

Mice were kept at 23°C with a 12/12 h light/dark cycle and
free access to standard laboratory rodent chow and water. All
procedures involving animals were approved by the Austrian
Animal Experimentation Ethics Board in compliance with the
European convention for the protection of vertebrate animals
used for experimental and other scientific purposes ETS no.:
123. Every effort was taken to minimize the number of animals
used.

Seizure Threshold and Opioid Receptor

Pharmacology

For pentylenetetrazole (PTZ) tail vein infusions, 4-6 mice were
used per group. PTZ (10 mg/mL 0.9% saline, pH 7.4) was injected
until generalized clonic seizures were displayed. At that point the
mice were killed immediately by neck-dislocation. The infused
volume of PTZ was used to calculate the seizure threshold (mg
PTZ/kg mouse).

The DOPr agonist (+)-4-[(aR)-a-((2S,5R)-4-allyl-
2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,N-
diethylbenzamide (SNC80, dissolved in 1 molar equivalent
HCI) and the DOPr antagonist 17-(Cyclopropylmethyl)-6,7-
dehydro-4,5a-epoxy-3,14-dihydroxy-6,7-2",3’-indolomorphinan
(Naltrindole, dissolved in water) were purchased from Tocris.
Drugs were applied i.p. 30 min before testing (2 mg/kg or
1 mg/kg diluted in saline, respectively).

Kainic Acid Injections

Mice were sedated with ketamine (160 mg/kg, ip.; Graeub
Veterinary Products, Switzerland) and then deeply anesthetised
with sevoflurane (1-3% based on mouse response) through a
precise vaporizer (Midmark, United States). All animals received
meloxicam (2 mg/kg) 20 min before surgery as analgesic
treatment. 50 nL of a 20 mM KA (pH 7.2, Ocean Produce
International, Canada) solution was injected in the stratum
radiatum of the CA1 region of the left dorsal hippocampus as
previously described (Loacker et al., 2007).

Histology, Cell Counts and

Immunohistochemistry

Four-seven animals per interval after KA (2, 7, 14, and
21 days) or saline (21 days, N = 3) per genotype were used
for histological studies. Animals were killed by an overdose of
thiopental (150 mg/kg) and brains were fixed by transcardial
perfusion with paraformaldehyde (4% in 50 mM PBS, pH = 7.2).
Immunohistochemistry and Nissl staining were performed on
30 pm free-floating coronal sections covering the entire dorsal
hippocampus.
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For immunohistochemistry the following protocol was applied:
After 90 min in blocking solution (10% normal goat serum,
0.3% Triton X-100 in TBS), primary antibodies for neuropeptide
Y (1:10000, Immunostar, #22940), prepro-enkephalin (1:2500,
ACRIS, #RA14124), Leu-enkephalin (1:1500, ACRIS, #20066),
or somatostatin (1:2000, gift by Prof. Sperk, Innsbruck)
were applied over night at room temperature, followed by
application of horseradish peroxidase conjugated secondary
antibodies (1:500, DAKO, #P044801) for 2.5 h at room
temperature and 3,3’-diaminobenzidine for detection (Schwarzer
et al, 1996). Nissl staining (Paxinos and Watson, 1986)
was used to evaluate neuronal numbers and granular cell
dispersion.

Cell counts and measurement of granule cell layer area were
performed on sections of the dorsal hippocampus covering the
range from 1.4 to 2.4 mm caudal to bregma (Paxinos and
Franklin, 2001). Mean cell numbers of each brain were taken
for stereological and statistical analysis. Cell numbers of non-
principal neurons were assessed for CA1, CA3a, CA3b, CA3c
and hilus, principal neurons were counted in CA1 over a length
of 250 pm, and in CA3a and CA3c over a length of 125 pm
covering the whole width of the layer. Granule cell dispersion
was measured as the area of the entire granule cell layer from
photomicrographs (100 x magnification, Zeiss Axiophot 2).

In situ Hybridization

In situ hybridizations were performed on frozen-sections
(20 wm) obtained from snap-frozen brains in vicinity to the
injection site as described elsewhere (Wittmann et al., 2005).
4-7 WT animals per interval were injected with KA (1, 2, 5,
7, 10, 14, and 21 days) or saline (21 days, N = 3, time point
0) and used for in situ hybridization studies. Single stranded
DNA oligonucleotides (5 pmoles) complementary to prepro-
dynorphin (5-GTTCTCCTGGGACCGCGTCACCACCTTGA
ACTGACGCCGCAG-3'), prepro-neuropeptide Y (5'-GAGGG
TCAGTCCACACAGCCCCATTCGCTTGTTACCTAGCAT-3'),
and prepro-enkephalin (5'-TCCCTCATCTGCATCCTTCTTCA
TGAAGCCGCCATACCTCTTGGC-3') mRNAs were labeled
with S-dATPs (Hartmann Analytic, Germany; 1000 Ci/mmol)
using terminal deoxynucleotidyltransferase (Roche, Germany).
Hybridization was performed at 52°C for 18 h.

Data analysis was performed with Image] (NIH'). Relative
optical densities (ROD) were calculated from the gray values
obtained from autoradiographs of the upper and lower granular
cell layer of the dentate gyrus (DG). Means were calculated for
values of both layers of the DG, and background obtained over
the corpus callosum was subtracted.

Quantitative Real-Time PCR (qPCR)

Dorsal hippocampi obtained from adult WT and Enk~/~ mice
(N = 4 per condition) were snap-frozen in liquid nitrogen at
different time intervals after KA injections and stored at —80°C
for quantitative real-time PCR (qPCR). Total RNA was isolated
using RNeasy Micro kit (Qiagen) according to the manufacturer’s
instructions.

Thttp://rsb.info.nih.gov/ij

1 pg of total RNA was reverse transcribed to cDNA using
the GoScript Reverse Transcription Mix (Promega, Madison,
WI, United States) with an Oligo-dT primer. qPCR based
on the SYBR Green chemistry (Promega) was carried out
using the CFX384 Real-time System (Bio-Rad, Hercules, CA,
United States). Of the four biological replicates for each condition
three technical replicates were performed. Beta-actin (Actb) was
used for normalization of mRNA expression level of the target
genes:

Ndufs3 fw 5'-CTGACTTGACGGCAGTGGAT-3/, rv 5'-CAT
ACCAATTGGCCGCGATG-3'; Relnfw 5'-CAAGCCACTGGAC
CTCACTC-3/, rv 5-CGCTGTTGCAACTGTCTGTC-3'; Sdhb
fw 5’ GTCTACCGCTGCCACACC-3, rv 5-AGGTCGCCATCA
TCTTCTTG-3'; Atp6 fw 5'-CCTTCCACAAGGAACTCCAA-3/,
Rv 5-GGTAGCTGTTGGTGGGCTAA-3'; Actb fw 5'-CTGGCT
CCTAGCACCATGAAGAT-3, rv 5-GGTGGACAGTGAGGCC
AGGAT-3'.

Relative quantification was performed using the comparative
cycle threshold (Ct) method after determining the Ct values
for the reference and target gene in each sample, according to
the 272 ACt method. The expression data were averaged across
the technical replicates before comparing between biological
replicates.

High-Resolution Respirometry

Wild-type and Enk~/~ mice were sacrificed by neck dislocation
(between 9 and 10 am) and the dorsal hippocampi were quickly
dissected on ice. Wet tissue was weighed, and the hippocampi
were transferred to ice-cold mitochondrial respiration medium
MiR06Cr for mechanical permeabilization of the plasma
membrane. Respiration was measured at 37°C in the Oroboros
02k (Oroboros Instruments, Austria) in hippocampi of naive
mice (N = 4-5 per genotype), 2 or 21 days after KA-injection
(5-6 animals per condition and genotype), and 21 days after
saline-injection (N = 4-5 per genotype), as described previously
(Burtscher et al., 2015). An optimized protocol was applied
with succinate at a concentration of 50 mM to prevent
potential inhibitory effects of 2 mM malate on Complex IIL
Tissue-mass specific oxygen fluxes were corrected for residual
oxygen consumption, Rox, measured after inhibition of the
mitochondrial electron transfer system, ETS.

For further normalization, fluxes of all respiratory states were
divided by ET-capacity to obtain flux control ratios, FCR.

Terminology was applied according to http://www.mitoeagle.
org/index.php/MitoEAGLE_preprint_2018-02-08  (see  also
(Lemieux et al., 2017).

The DC™ Protein Assay (Bio-Rad, Hercules, CA,
United States) was used for quantification of protein contents
of the homogenized samples according to the manufacturer’s
protocol.

Statistical Methods

One-way ANOVA was calculated to compare seizure threshold
data. Repeated measures 1-way ANOVA was applied to compare
differences in granule cell dispersion across the rostro-caudal
axis, regular 2-way ANOVAs were used to compare neuropeptide
mRNA-levels during epileptogenesis and for cell dispersion
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across time-points. Data obtained from in situ hybridization,
respiration and qPCRs for reelin and ETS components, and cell
count data were evaluated by 2-way ANOVA between genotypes
and across different time intervals (derived from populations
injected separately). Post hoc analyses were performed using
Tukey’s post hoc test.

Repeated measures 2-way ANOVA was performed to assess
differences across mitochondrial states between untreated
controls of the tested genotypes. Bonferroni corrected post hoc
test was applied. Data are presented as mean and SEM.

RESULTS

Role of Enk in Seizure Threshold and It’s
Regulation During Epileptogenesis

To elucidate the role of Enk on seizure threshold and
its regulation during epileptogenesis, we applied DOPr
pharmacology in combination with pentylenetetrazole-
induced seizure threshold and neurochemical methods in
the intrahippocampal KA model, respectively.

The reported proconvulsive actions of Enk are supposed
to depend on the activation of DOPr. The threshold for
pentylenetetrazole (PTZ)-induced seizures was not altered by
pretreatment with the specific DOPr agonist SNC80 (2 mg/kg;
30 min before PTZ) in WT mice. By contrast, pretreatment with
the specific DOPr antagonist naltrindole (1 mg/kg; 30 min before
PTZ) increased seizure threshold by about 25% (Figure 1A).
This confirms DOPr mediated proconvulsant effects and suggests
that exogenous agonists cannot further enhance the effects of
endogenous Enk in WT mice.

Naive Enk~/~ mice displayed a threshold for PTZ-induced
seizures comparable to those of WT mice treated with naltrindole
(Figure 1A). This phenotype was fully reversed upon pre-
treatment of Enk~/~ mice with SNC80 (2 mg/kg; 30 min pre
PTZ). By contrast, pre-treatment with naltrindole (1 mg/kg;
30 min pre PTZ) did not influence the seizure threshold of
Enk~/~ mice (Figure 1A).

Numerous neuropeptides are highly dynamically regulated
during status epilepticus and in epileptogenesis, which may
impact on the activation of their receptors. Consequently, we
investigated Enk mRNA and peptide levels in the unilateral KA
model. After KA injection, enkephalin mRNA levels increased
continuously, peaking at around 7-10 days after KA-injection
in the ipsilateral DG, when first spontaneous seizures occur
(Riban et al.,, 2002). Two-way ANOVA revealed Enk mRNA
levels to be significantly higher 5, 7, and 10 days after the
initial Enk mRNA increase 1 day after KA-injection. No drop
in the silent phase of epileptogenesis, when no or few seizures
occur, was apparent. By contrast the mRNA-expression of the
endogenous opioid dynorphin and neuropeptide Y (NPY) peaked
1 day after injection and never significantly surpassed that
peak thereafter in all time tested intervals. Instead mRNA-
expression was significantly decreased 2 and 5 days after
KA-injection (Figure 1B and Supplementary Figures S1B-
D). The two-way ANOVA was calculated comparing mRNA-
expression of the different neuropeptides across the studied time

intervals: Finteraction(14,55) = 7.483, Fiime—intervals(7,55) = 27.1,
Freuropeptides(2,55) = 21.5, all Ps < 0.001. Post hoc tests (Tukey’s
multiple comparison tests) were applied to compare mRNA-
levels across time intervals for individual neuropeptides.

Functionally even more important is the availability of
mature, active peptides. Therefore, we compared Enk peptide
abundance with alterations observed in mRNA levels in the
hippocampus (Figure 1C and Supplementary Figure S1A). For
this purpose, immunohistochemistry, using antibodies specific
for pro-Enk (pEnk) and mature Enk was performed at different
time intervals of epileptogenesis and assessed qualitatively. Low
mRNA levels in saline-injected controls corresponded to low
pEnk and Enk peptide levels. After KA injection, pEnk labeling
was strongest in ipsilateral granule cell somata after 2 and
7 days. This correlates well, with high mRNA-levels at the
respective time intervals (Figure 1C). pEnk immunoreactivity
was increased in the terminal field of mossy fibers, both ipsi-
and contralaterally at most time intervals. However, lowest
immunoreactivity was observed in the ipsilateral hippocampus
7 days after KA. Mature Enk immunoreactivity in the mossy
fiber terminals in CA3a appeared higher in epileptogenic mice
as compared to saline-injected controls. Of note is the fact,
that this increase appeared to be only minute at the time
intervals of highest mRNA levels (2 days and 7-10 days
after injection). This suggests either strong release or mature
Enk or inefficient processing of pEnk. Three weeks after KA,
Enk mRNA-levels were reduced when compared to earlier
time intervals of epileptogenesis. By contrast, pEnk- and Enk-
like immunoreactivity was high in mossy fibers (but not
somata; Figure 1C), suggesting accumulating pro- and mature
peptides.

Effects of Enk-Deficiency in
Epileptogenesis

Based on the observed anticonvulsive effects of pharmacological
antagonism of DOPr and the prominent continuous up-
regulation of Enk mRNA and potentially strong release of Enk
early after KA injection, we hypothesized that Enk might be a
driving force of epileptogenesis. To address this question, we
analyzed neuropathological, morphological and neurochemical
alterations in KA injected WT and Enk~/~ mice at different time
intervals.

Nissl staining was performed to investigate differences
between genotypes on cell numbers and morphological
alterations during epileptogenesis. Dispersion of the granule
cells of the ipsilateral DG occurs 2-3 weeks after KA injection
(Figures 2A,B and Supplementary Figure S2G). When
comparing this dispersion between genotypes, we observed an
aggravated dispersion in Enk~/~ animals across the rostro-
caudal axis of the dorsal hippocampus 3 weeks after KA-injection
(Figures 2B,C). No cell dispersion or differences between
genotypes were observed contralaterally. The protein reelin is
implicated in granular cell dispersion (Haas et al., 2002). Reelin
mRNA was downregulated about fivefold ipsilaterally in both
genotypes 2 days after KA (Figure 2D). After 21 days, reelin
mRNA was on baseline levels in WT, but 1.8-fold overexpressed

Frontiers in Molecular Neuroscience | www.frontiersin.org

September 2018 | Volume 11 | Article 351


https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Burtscher et al.

Impact of Enkephalin of Mitochondrial Function During Epileptogenesis

A

Enk” Nalt

® s
Enk”’ SNC80
-

e
Enk ' naive

W T Nalt

WT SNC80
W T naive 9
T T T 1
30 40 50 60 70
B Seizure threshold (mg PTZ/kg)
% 0.61
2
>
o
o
S 0.4
| ot
) ® Enk
8 NPY
[ 0-29 Dynorphin
<
z
[
€ 0.0

0 5 10 15 20
days after injection

FIGURE 1 | Seizure threshold modulation via the Enk-DOPr system and Enk mRNA- and protein-levels during epileptogenesis. (A) Wild-type (WT) mice treated with
the DOPr-antagonist naltrindole (Nalt; 1 mg/kg; 30 min before PTZ) exhibited significantly elevated seizure thresholds as compared to untreated WT mice and similar
seizure thresholds like untreated Enk-KO mice. By contrast, the DOPr specific agonist SNC80 (2 mg/kg; 30 min before PTZ) did not influence seizure threshold in
WT mice but decreased it in Enk-KO mice. Nalt treatment of Enk-KO mice did not further increase seizure threshold. 1-way ANOVA with Tukey’s multiple comparison
tests was calculated: F(5,23) = 18.54, P < 0.001. (B) mRNA-regulation of dynorphin, neuropeptide Y (NPY), and enkephalin (Enk) in the dentate gyrus (ROD —
relative optical density) during epileptogenesis are depicted. Note the different dynamics of Enk vs. NPY and dynorphin. Post hoc significances calculated by
two-way ANOVA are omitted for sake of clarity — please refer to main text for statistical information. (C) mRNA- levels are shown for representative autoradiographs
obtained after in situ hybridizations for Met-Enk mRNA close to the injection site of KA (1.8-2.0 mm caudal to bregma, left column). Middle and right columns depict
images obtained from KA injected hippocampi after immunohistochemistry for pro-Enk (pEnk) or mature Enk, respectively. Note the marked increase in mRNA and
pEnk, but not Enk at early time intervals. Saline-injected controls (3 weeks after injection), 2, 7, and 21 days time intervals after KA-injection are depicted. Scale bars

indicate 500 wm. **Indicates a p-value < 0.01, **p-value < 0.001.

in Enk™/~ mice. Contralaterally (Figure 2E), significant
alterations of reelin mRNA were observed in Enk~/~ mice only.

Principal neurons in area CAl and CA3 and non-principal
neurons in area CA1 were reduced by 80-100% in the ipsilateral
hemisphere. Non-principal neurons in area CA3 were slightly
less affected. Cell counts of area CA3 subfields are given in
Supplementary Figures S2H-K. No marked neuronal loss was
observed contralaterally (Figures 3A-E and Supplementary
Figures S2G-K). There were no differences between genotypes.

To investigate, whether highly vulnerable cell types are
differentially affected by the lack of Enk, we quantified
cell numbers of somatostatinergic interneurons during
epileptogenesis. These cells are known to be highly vulnerable
in epilepsy (Magloczky and Freund, 1993; Buckmaster et al.,
2002). However, we did not observe differences across genotypes
(Supplementary Figure S3).

Effects of Enk Deficiency on

Mitochondrial Respiration During
Epileptogenesis

The lack of beneficial effects paralleled by aggravated
morphological alterations in Enk™/~ mice suggests that

Enk induces not only a reduction in seizure threshold, but
also beneficial effects. Reports on the interaction of Enk/DOPr
with mitochondrial function and the strong involvement
of mitochondrial malfunction in epilepsy stimulated us to
investigate this aspect in more detail applying high-resolution
respirometry.

Untreated Enk™/~ mice displayed lower respiration as
compared to untreated WT mice in some respiratory states, in
particular for the electron transfer (ET)-capacity with NADH-
linked substrates and succinate combined (NSg) (10% reduction;
Supplementary Figures S4G,K,L). Pronounced differences
were also observed during epileptogenesis (representative
respirometry traces depicted in Figures 4A-D). Two days
after KA injection, we observed >25% decrease in ET-capacity
per mg protein in ipsilateral hippocampi of WT animals
(Figure 4E) that was restored to baseline levels 3 weeks
after injection. Contralaterally (Figure 4F), ET-capacity was
unchanged 2 days after injection, but increased by 25% 3 weeks
after injection. No such effects were observed in Enk™/~
mice.

Alterations in oxidative phosphorylation (OXPHOS) capacity
(NSp) per mg protein (Figures 4G,H) followed a very similar
pattern as ET-capacity.
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FIGURE 2 | Enk-deficiency aggravates granule cell dispersion during epileptogenesis. (A) Granule cell layer dispersion is depicted from Nissl-stained sections of the
dentate gyrus of mice 21 days after KA injection. (B) Both, WT and KO mice displayed increasing granule cell dispersion (area under the curve across the dorsal
hippocampus) after KA-injection. Statistical significance was reached for KO mice; 2 way ANOVA: Finteraction(4,33) = 0.4551, P = 0.768, Fsection(4,33) = 11.78,

P < 0.001, Fgroup(1,33) = 1.80, P = 0.189. (C) Area covered by the granule cell layer was analyzed from Niss| stained sections. Three weeks after KA injection,
granule cells of the dentate gyrus across the dorsal hippocampus were significantly more dispersed in KO mice; 1-way repeated measures ANOVA;

F.4,72) =81.26, P < 0.001. Relative expression of reelin mRNA was measured in the ipsi (D) and contralateral (E) hippocampus. A decrease of reelin mRNA was
observed ipsi- (D) and for KO contralaterally (E) during early epileptogenesis, which was restored to baseline levels in WT mice 3 weeks after KA injection. In KO
mice reelin mMRNA was significantly overexpressed at this time-interval. 2-way ANOVAs were calculated to assess statistical significances. Interaction, time and group
statistics: F(2,12) = 30.42, F(2,12) = 238, F(1,12) = 28.85 (P < 0.001 for all) for (E) and F (2 12) = 1.25 (P = 0.321), F(2,12) = 18.44 (P < 0.001), F(4,12) = 0.25

(P = 0.627). Scale bar represents 500 um. *Indicates a p-value < 0.05, **p-value < 0.01, ***p-value < 0.001.
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NADH-pathway (N) capacity was significantly higher (by
about 30%) in WT controls than in Enk~/~ ipsilaterally, but
dropped to similar levels 2 days after KA injection, before
it recovered almost to baseline level 21 days after injection
(Figure 5A). Contralaterally, an up-regulation of N-respiration

by about 40% was apparent in WT 21 days after injection
(Figure 5B). No such dynamics were observed in Enk~/~ mice.

Succinate-pathway (S) capacity was increased 21 days after
injection in WT both ipsi- (Figure 5C) and contralaterally
(Figure 5D) by about 20 and >30%, respectively. Statistically
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FIGURE 3 | Enkephalin-deficiency does not alter hippocampal cell loss during epileptogenesis. (A) Representative Nissl-stained brain sections close to the injection
site, after saline or KA-infusion in WT or Enk-/- (KO) mice are depicted. Quantification of cell numbers in hippocampal subfields obtained from Niss| stained sections
is shown in (B-E). In all depicted subfields, cell loss was significant and cell numbers remained stable between 2 and 21 days after KA-infusion.
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significant higher respiration as compared to Enk™/~ was
observed only contralaterally.

In line with the reduced respiratory activity in Enk™/~
mice (Supplementary Figure S4G), overall Complex IV (CIV)
activity appeared lower in Enk~/~ (Supplementary Figures
$41,)), without reaching post hoc significance for individual time-
points.

The higher dynamic regulation of the OXPHOS system
in WT animals matched the mRNA-expression of selected
subunits of respiratory Complexes I (NDUFs3), CII (SDHb),
and F-ATPase (ATP6), when normalized to beta-actin, in
particular for NDUFs3 contralaterally —(Supplementary
Figures S4A-F): NDUFs3 (CI) mRNA was upregulated
around fivefold, SDHb (CII) three-fourfold, and ATP6
(ATP-synthase) four-sixfold, both in the hippocampus of
KA-injection and the contralateral hippocampus 2 days
post injection in WT. This correlated well with especially
contralateral respiration upregulation for CI (Figure 5B)
and CII (Figure 5D). Except for ATP6 (which was also
upregulated in KO about four-fivefold), the tested respiratory

complex subunits in Enk™/~ mice were upregulated
to smaller extend (about two-threefold) 2 days post
injection. Transcription dropped to about one-twofold

in both phenotypes 3 weeks after KA for NDUFs4 and
SDHb. ATP6 remained elevated (two-threefold) in KO
animals.

Qualitative Changes in the Regulation of
Oxidative Phosphorylation in Enk~/~

Mice

In order to assess qualitative differences in oxidative
phosphorylation between the genotypes, respiration was
expressed as FCRs by normalization to the respective ET-
capacities. In KA treated animals, we observed a significant
drop in N-linked FCRs ipsilaterally (Figure 5E, no post hoc
significances) and no differences contralaterally (Figure 5F).
S-respiration FCRs were increased in WT mice ipsilaterally,
with strong time effects (Figure 5G). Enk~/~ mice S-
respiration FCRs displayed a similar tendency trend without
reaching statistical significance. Besides time also effects
of genotype were significant contralaterally (Figure 5H),
with Enk™/~ mice exhibiting lower S-linked FCR. The
increase of FCR 2 days after KA was significant for WT
mice only. The apparent ET-excess capacity (NSp/NSg)
was reduced by 20% 3 weeks after injection ipsilaterally
(Figure 5I), in WT, but not Enk~/~ mice. No differences
in apparent ET-excess capacity were observed contralaterally
(Figure 5]J).

DISCUSSION

Based on observations of involvement of pharmacological
modulation of DOPr in seizure threshold, we aimed to
elucidate the role of DOPrs preferential endogenous
ligand, Enk, in epileptogenesis. We report a dual role
of the DOPr/Enk system; proconvulsive properties on

one hand, enhancement of mitochondrial function on the
other.

DOPr/Enk System Effects on Seizure
Threshold and Its Regulation During
Epileptogenesis

Pharmacological inhibition of DOPr (Figure 1A) such as
genetic ablation of Enk (Figure 2A) significantly increased
seizure threshold, confirming proconvulsive properties of DOPr
activation. We therefore hypothesized, that Enk might be
involved in the development of epilepsy. To this end we
applied the KA model of epileptogenesis and first studied
the regulation of Met-Enk transcription in the hippocampus
after unilateral KA infusion. Alterations of Enk-contents
in the hippocampus after motor-seizures have already been
reported in rats (Hong et al, 1980). Indeed, we observed
a particular, continuous upregulation of Met-Enk mRNA,
exhibiting different dynamics than other neuropeptides, such
as neuropeptide Y and dynorphin (Figure 1B). Both of
these neuropeptides are regulated during epileptogenesis in a
seizures-dependent manner. By contrast, Met-Enk mRNA was
upregulated continuously during the 1st days after KA infusion,
which granted us to suppose, it might act as a driving force in
epileptogenesis.

Mature Enk immunoreactivity correlated weakly with the
time-course of pEnk mRNA regulation. This might be due to
a strong release of Enk or impaired processing resulting in low
mature Enk-like immunoreactivity as compared to mRNA and
pEnk levels. Fast turnover rates of Enk (Hughes et al., 1975;
Simantov and Snyder, 1976) and low pEnk immunoreactivity in
the terminal field of mossy fibres as compared to hilus observed
7 days after KA support the first suggestion.

Of note is the fact, that C57BL/6] mice used in this study
differ markedly from C57BL/6N mice used in our previous study
(Loacker et al., 2007). C57BL/6] mice displayed an increased
seizure threshold upon treatment with the DOPr antagonist
naltrindole, while C57BL/6N mice did not. By contrast, C57BL/6]
mice displayed unchanged seizure threshold upon treatment
with the DOPr agonist SNC80, while C57BL/6N mice showed a
decrease in seizure threshold. This is on one hand surprising, on
the other is in line with reports on strain-dependent differences
in the effect of DOPr activation on seizure (Clynen et al., 2014).
It is tempting to speculate, that endogenous Enk is sufficient
to fully activate DOPr in C57BL/6J, but not in C57BL/6N
mice.

Is Enkephalin a Driving Force in
Epileptogenesis?

Both, its apparent proconvulsive effect, and its continuous
up-regulation during epileptogenesis suggest Enk as
one driving force for those ill-defined molecular events
transforming a non-epileptic brain into an epileptic one.
Therefore, we applied the KA-model to Enk-deficient mice,
expecting to observe mitigated neuropathology (including
reduced cell loss) due to reduced seizure frequency and
severity.
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Surprisingly, there were no differences in cell loss between
wild-type and Enk~/~ mice at different stages of epileptogenesis.
Analyses of epileptogenesis-related neuropathological alterations
revealed, however, an increased extent of granule cell dispersion
in Enk~/~ mice. Enk-deficiency unexpectedly appeared to not
only fail to halt cell loss after KA-infusion, it even exacerbated
this patho-morphological symptom. As granule cell dispersion
has been linked to reductions in reelin expression (Haas et al.,
2002), we investigated, whether this was also the case here.
Although we did not observe differences in hippocampal reelin
immunoreactivity between naive WT and Enk~/~ mice, a clear
decline of reelin mRNA levels in early intervals was apparent.
This is in line with the results described by Heinrich et al.
(2006). Reelin mRNA was restored to basal levels in WT
mice, but significantly increased in Enk~/~ mice 3 weeks after
KA infusion (Figures 2D,E). Increased granule cell dispersion
associated with overexpression of reelin mRNA, but unchanged
reelin immunoreactivity points to a functional deficit. However,
clarifying the underlying mechanisms is beyond the scope of this
study.

Enkephalin’s Link to Mitochondrial
Function During Epileptogenesis

Instead we were curious, how Enk confers protective effects
on hippocampal morphological integrity and reelin regulation.
A prominent role of mitochondrial dysfunction in temporal
lobe epilepsy is well accepted [for reviews see (Kudin et al.,
2002; Rowley and Patel, 2013)]. Based on reported links of
the Enk/DOPr system with mitochondrial function (Zhu et al.,
2009, 2011), we suspected mitochondrial parameters to be
involved.

Respiratory deficiencies (Baron et al, 2007), metabolic
changes (Giménez-Cassina et al., 2012) and morphological
alterations of mitochondria (Gao et al., 2014) have all been
implicated in epilepsy. DOPr-mediated neuroprotection has been
described for various conditions relevant for epileptic seizures
(such as hypoxia, ischemia, excitotoxicity, and oxidative stress),
and might be mediated via mitochondrial function. For example,
positive effects of hypoxic preconditioning depend on DOPr
(Mayfield and D’Alecy, 1994b), Gao et al. (2012) described the
adaptation of the DOPr-system by hypoxic preconditioning,
which decreases ischemic injury in the hippocampus and Zhang
et al. (2000) showed that DOPr-activation, but not activation
of other opioid receptors, is protective in excitotoxic injury.
Zhu et al. (2011) suggested that DOPr-activation positively
affects acute mitochondrial dysfunction through stabilization
of mitochondrial membrane potential and calcium levels.
Both mechanisms could ultimately play pivotal roles in the
maintenance of OXPHOS capacity. As a side note, overexpression
of pre-pro-Enk in the striatum of a Huntingtons disease
mice model has been shown to improve behavioral deficits
and might exert neuroprotective effects (Bissonnette et al,
2013).

For these reasons, we investigated mitochondrial function
in naive mice, at early (2 days after KA) and late (3 weeks
after KA) time intervals and compared effects between

Enk™/~- and WT-mice. We applied functional respirometry
applying a substrate-uncoupler-inhibitor-titration ~ (SUIT)
protocol to study different respiratory states. Mitochondrial
respiration was significantly lower in dorsal hippocampi of
naive Enk~/~- than of WT-mice (Supplementary Figure
S$4G). This was not due to specific mitochondrial complex
deficiencies since FCRs (independent of density effects, due to
internal normalization for ET-capacity) were similar between
genotypes, including the apparent ET-excess capacity over the
phosphorylation system (NSp/NSg) (Supplementary Figure
S4H).

In WT mice, we observed a pronounced reduction of the
ET-capacity 2 days after KA-injection, which returned to control-
levels 3 weeks after KA ipsilaterally. The patterns were similar for
most of the other respiratory states (N-, S-, and NS-respiration,
but not for CIV activity).

These dynamic changes in respiration were not observed in
Enk~/~-animals. Three weeks after KA-injection mitochondrial
respiration contralaterally were significantly higher in WT-mice
(about 30-50%) than in KO-mice (Np-, Sg-, NSp-, and NSg-
states).

The ratio of respiration of mitochondria in the coupled
versus uncoupled state is an indicator of the apparent ET-
excess capacity, which was significantly reduced in WT- but
not in KO-mice ipsilaterally 3 weeks after KA (Figure 5I). This
suggests alterations that made WT-mice use OXPHOS more
effectively.

Such adaptations might be due to enhanced availability or
activity of components of the mitochondrial phosphorylation
system. Therefore, we applied qPCRs to investigate potential
upregulation of gene transcription of selected components
of the phosphorylation system. The dynamic mitochondrial
respiratory control patterns indeed correlated with a stronger
upregulation of these mRNAs in WT mice, supporting the
notion of enhanced respiratory capacity. Interestingly, ATP6
mRNA remained high in KO, both ipsi- (Supplementary
Figure S4C) and contralaterally (Supplementary Figure S4F),
potentially as a mechanism to compensate for the lack of the
adaptation of respiratory excess capacity seen in WT mice
(Figure 5I).

The upregulation of OXPHOS in the contralateral
hippocampus of WT mice 3 weeks after KA was preceded
by increased mRNA levels of Ndufs3 and Sdhb 2 days after KA
(Supplementary Figures S4D,E). It might appear surprising that
the contralateral hippocampus seemed to be affected stronger in
WT mice during epileptogenesis regarding OXPHOS-parameters
(in contrast to neuropeptide regulation). On one hand, we
attribute the fewer statistically significant effects ipsilaterally to
potentially stronger phasic molecular events triggered by status
epilepticus and the higher variability ipsilaterally in terms of
seizure activity and cell loss typical for this model of TLE. On
the other hand, hemispheric cross-talk plays an important role in
preconditioning, possibly linked to Enk and mediated through
hemodynamic mechanisms (Iordanova et al, 2018) induced
by seizure-activity (Osharina et al., 2017). Cross-hemispheric
synchronization has been demonstrated via hemodynamics
and arteriole diameter (Mateo et al., 2017); it is no surprise
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that blood-flow dependent OXPHOS-related genes presumably
respond strongly to changes in hemodynamics.

In other disease models cross-hemispheric adaptations
to stressors have been described in more detail; Weilnau
et al. (2018) for example report cross-hemispheric
preconditioning effects following unilateral intrastriatal
infusion of 6-hydroxy-dopamine in mice via upregulation
of preconditioning-relevant proteins. Contra-lateral insult-
related changes in metabolite levels were reported by
Ruan et al. (2017) in a stroke model in rats. Our
findings support and expand these results by demonstrating
contralateral upregulation of OXPHOS mRNA-levels and
function in the intrahippocampal KA model of unilateral
insult.

CONCLUSION

Taken together, our data suggest that the functional role of
the Enk/DOPr system in epileptogenesis is more complex than
considered. Despite proconvulsive function, the system might
be involved in mitigating neuropathology. Here we report
the particular regulation of Enk during epileptogenesis and
its role in dynamic mitochondrial alterations. More research
is required to confirm the suggested link to DOPr-related
conditioning effects. Together with recent reports on the role of
enkephalin in stress adaptation (Henry et al., 2017, 2018) and
the findings, that stress enhanced neuropathological alterations
in the hippocampus in epileptogenesis (van Campen et al., 2018),
the importance of understanding the enkephalin/DOPr system
in epileptogenesis and epilepsy becomes evident. Even more,
as there is an apparent link between stress and mitochondrial
function (Henningsen et al, 2012). The Enk/DOPr system
and its pivotal role in adaptations to one of the most
important triggers of seizures and potential risk factor for
epilepsies, stress, and its prominent effects on energy metabolism
represents an attractive novel molecular target to reduce seizure-
induced neuronal damage and potentially disease-modifying
therapy.
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FIGURE S1 | (Related to Figures 1-3). Enkephalin (Enk) protein- and
mRNA-levels during epileptogenesis are depicted. Images in (A) represent
contralateral hippocampi stained for pro-Enk (pEnk) or mature Enk (Enk) after
saline or kainic acid (KA) injection at different time intervals. mRNA-levels in the
dentate gyrus of WT mice for dynorphin (B), neuropeptide Y (NPY, C), and Enk (D)
during epileptogenesis are depicted as relative optical densities measured from
film autoradiographs obtained by radioactive in situ hybridization. Scale bar in (A)
indicates 500 pm.

FIGURE S2 | (Related to Figure 2). mRNA-levels of opioid receptors in WT and
Enk~/~ mice (KO) and additional data on cell numbers are depicted. mRNA levels
were assessed for delta-, mu-, and kappa-opioid receptors (DOPr, MOPr, KOPr,
respectively) in the hippocampus and cortex of young adult male mice (A-F).
Nissl-stained hippocampal sections 1 week (1w) and 2 weeks (2w) after KA
injection (G) show the onset of granule cell dispersion. Cell counts of area CA3
subfields are given in (H-K). Scale bar indicates 500 um. (A=F) Cortex and
hippocampi from naive adult WT and Enk~—/~ mice (N = 4) were analyzed for
expression of mu, delta, and kappa opioid receptors (Tagman primer sets
Mm01188089_m1; Mm01180757_m1; Mm01230885_m1; respectively; Thermo
Fisher) by gPCR. Reactions were performed in a MicroAmp Fast Optical 96-Well
Reaction Plate (Applied Biosystems) using the 7500 Fast Real-Time PCR System
(Applied Biosystems). Samples were run in duplicates using 50 ng of total RNA
equivalents (cDNA). Positive and negative controls were included in all
experiments. Threshold cycle (CT) values were recorded as a measure of initial
template concentration. Relative levels of RNA were calculated by the AACt
method using SDHa as a reference standard gene. The fold-difference expression
was calculated relative to a calibrator sample by 2~ AACT

FIGURE S3 | (Related to Figure 3). Numbers of somatostatin immuno-positive
neurons were analyzed from WT and Enk=/~ mice (KO) in the hippocampal
subfields at different time-intervals after KA. Almost complete cell loss was
observed ipsilaterally (A,C,E). Somatostatin positive neurons were mostly
conserved contralaterally (B,D,F). No genotype specific differences in cell
numbers were detected applying 2way ANOVA on distinct hippocampal areas. N
per condition = 3-4. Ipsilaterally (left panels), time effects were significant in all
hippocampal areas (F = 157.1; F = 17.6; F = 119 from top to bottom, P in all
cases < 0.0001), but not genotype- or interaction-effects. Cell numbers represent
area under the curve (AUC) across six hippocampal sections from 1.4 to 2.4 mm
caudal to bregma.

FIGURE S4 | (Related to Figures 4, 5). mRNA levels of selected subunits of
respiratory complexes of WT and enkephalin deficient mice (KO), normalized to
beta-actin and basal levels of untreated animals are depicted: NDUFs3 (A,D),
SDHb (B,E), and ATP6 (C,F). Data from (A-C) have been obtained from the
hippocampus of the hemisphere of injection, data from (D-F) from the
contralateral hippocampus. Absolute oxygen fluxes (G) of naive WT and KO mice
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differed in a 2way repeated measures ANOVA [Finteraction(4,64) = 3.51,

P = 0.012/Fgtate(4,64) = 1073, P < 0.001, Fgenotype(1,16) = 7.52, P = 0.015], but
not flux control ratios (FCRs, H). No changes were observed for Complex IV
respiration across genotypes and time intervals after KA (I,J). Representative

REFERENCES

Asadi-Pooya, A. A., Stewart, G. R, Abrams, D. J,, and Sharan, A. (2017).
Prevalence and incidence of drug-resistant mesial temporal lobe epilepsy in
the united states. World Neurosurg. 99, 662-666. doi: 10.1016/j.wneu.2016.
12.074

Baldin, E., Hauser, W. A., Pack, A., and Hesdorffer, D. C. (2017). Stress is associated
with an increased risk of recurrent seizures in adults. Epilepsia 58, 1037-1046.
doi: 10.1111/epi.13741

Baron, M., Kudin, A. P., and Kunz, W. S. (2007). Mitochondrial dysfunction in
neurodegenerative disorders. Biochem. Soc. Trans. 35, 1228-1231. doi: 10.1042/
BST0351228

Bissonnette, S., Vaillancourt, M., Hebert, S. S., Drolet, G., and Samadi, P.
(2013). Striatal pre-enkephalin overexpression improves huntington’s disease
symptoms in the r6/2 mouse model of huntington’s disease. PLoS One 8:¢75099.
doi: 10.1371/journal.pone.0075099

Blumcke, I, Spreafico, R., Haaker, G., Coras, R., Kobow, K., Bien, C. G., et al. (2017).
Histopathological findings in brain tissue obtained during epilepsy surgery.
N. Engl. ]. Med. 377, 1648-1656. doi: 10.1056/NEJMoal703784

Bliimcke, I., Zuschratter, W., Schewe, J. C., Suter, B., Lie, A. A., Riederer, B. M.,
et al. (1999). Cellular pathology of hilar neurons in ammon’s horn sclerosis.
J. Comp. Neurol. 414, 437-453. doi: 10.1002/(SICI)1096-9861(19991129)414:
4<437:AID-CNE2>3.0.CO;2-3

Buckmaster, P. S., Otero-Corchon, V., Rubinstein, M., and Low, M. J. (2002).
Heightened seizure severity in somatostatin knockout mice. Epilepsy Res. 48,
43-56. doi: 10.1016/50920-1211(01)00318-7

Burtscher, J., Zangrandi, L., Schwarzer, C., and Gnaiger, E. (2015). Differences in
mitochondrial function in homogenated samples from healthy and epileptic
specific brain tissues revealed by high-resolution respirometry. Mitochondrion
25, 104-112. doi: 10.1016/j.mit0.2015.10.007

Clynen, E., Swijsen, A., Raijmakers, M., Hoogland, G., and Rigo, J. M. (2014).
Neuropeptides as targets for the development of anticonvulsant drugs. Mol.
Neurobiol. 50, 626-646. doi: 10.1007/s12035-014-8669-x

Engel, J. J. (2001). Mesial temporal lobe epilepsy: What have we learned?
Neuroscientist 7, 340-352.

Folbergrova, J., Jesina, P., Haugvicova, R., Lisy, V., and Houstek, J. (2010).
Sustained deficiency of mitochondrial complex I activity during long periods
of survival after seizures induced in immature rats by homocysteic acid.
Neurochem. Int. 56, 394-403. doi: 10.1016/j.neuint.2009.11.011

Folbergrova, J., and Kunz, W. S. (2012). Mitochondrial dysfunction in epilepsy.
Mitochondrion 12, 35-40. doi: 10.1016/j.mit0.2011.04.004

Gao, C. ], Niu, L., Ren, P. C,, Wang, W., Zhu, C,, Li, Y. Q,, et al. (2012). Hypoxic
preconditioning attenuates global cerebral ischemic injury following asphyxial
cardiac arrest through regulation of delta opioid receptor system. Neuroscience
202, 352-362. doi: 10.1016/j.neuroscience.2011.11.060

Gao, J., Yao, H., Pan, X.-D., Xie, A.-M., Zhang, L., Song, J., et al. (2014).
Alteration of mitochondrial function and ultrastructure in the hippocampus
of pilocarpine-treated rat. Epilepsy Res. 108, 162-170. doi: 10.1016/j.eplepsyres.
2013.11.016

Giménez-Cassina, A., Martinez-Francois, J. R., Fisher, J. K., Szlyk, B., Polak, K.,
Wiwczar, J., et al. (2012). Bad-dependent regulation of fuel metabolism and
k-atp channel activity confers resistance to epileptic seizures. Neuron 74,
719-730. doi: 10.1016/j.neuron.2012.03.032

Goldberg, E. M., and Coulter, D. A. (2013). Mechanisms of epileptogenesis: a
convergence on neural circuit dysfunction. Nat. Rev. Neurosci. 14, 337-349.
doi: 10.1038/nrn3482

Haas, C. A., Dudeck, O., Kirsch, M., Huszka, C., Kann, G., Pollak, S., et al. (2002).
Role for reelin in the development of granule cell dispersion in temporal lobe
epilepsy. J. Neurosci. 22, 5797-5802. doi: 10.1523/J]NEUROSCI.22-14-05797.
2002

Heinrich, C., Nitta, N., Flubacher, A., Miiller, M., Fahrner, A., Kirsch, M,
et al. (2006). Reelin deficiency and displacement of mature neurons, but not

traces of respiration protocols for naive controls are depicted for WT (K) and KO
(L). NADH-linked respiration (N, and Np), OXPHOS capacity (NSp), ET capacity
(NSg), succinate-linked respiration (Sg). P < 0.05, *P < 0.05, **P < 0.01, and
P < 0.001.

neurogenesis, underlie the formation of granule cell dispersion in the epileptic
hippocampus. J. Neurosci. 26, 4701-4713. doi: 10.1523/JNEUROSCI.5516-05.
2006

Henningsen, K., Palmfeldt, J., Christiansen, S., Baiges, L, Bak, S., Jensen, O. N.,
etal. (2012). Candidate hippocampal biomarkers of susceptibility and resilience
to stress in a rat model of depression. Mol. Cell. Proteomics 11:M111.016428.
doi: 10.1074/mcp.M111.016428

Henry, M. S, Bisht, K., Vernoux, N., Gendron, L., Torres-Berrio, A., Drolet, G.,
etal. (2018). Delta opioid receptor signaling promotes resilience to stress under
the repeated social defeat paradigm in mice. Front. Mol. Neurosci. 11:100.
doi: 10.3389/fnmol.2018.00100

Henry, M. S., Gendron, L., Tremblay, M.-E., and Drolet, G. (2017). Enkephalins:
endogenous analgesics with an emerging role in stress resilience. Neural Plast
2017:1546125. doi: 10.1155/2017/1546125

Hong, J. S., Wood, P. L., Gillin, J. C,, Yang, H. Y. T., and Costa, E. (1980). Changes
of hippocampal met-enkephalin content after recurrent motor seizures. Nature
285, 231-232. doi: 10.1038/285231a0

Hughes, J., Smith, T., Morgan, B., and FothergillL, L. (1975). Purification and
properties of enkephalin - possible endogenous ligand for morphine receptor.
Life Sci. 16, 1753-1758. doi: 10.1016/0024-3205(75)90268-4

Tordanova, B., Vazquez, A., Kozai, T. D. Y., Fukuda, M., and Kim, S.-G. (2018).
Optogenetic investigation of the variable neurovascular coupling along the
interhemispheric circuits. J. Cereb. Blood Flow Metab. 38, 627-640. doi: 10.1177/
0271678X18755225

Konig, M., Zimmer, A. M., Steiner, H., Holmes, P. V., Crawley, J. N., Brownstein,
M. ], et al. (1996). Pain responses, anxiety and aggression in mice deficient in
pre-proenkephalin. Nature 383, 535-538. doi: 10.1038/383535a0

Kudin, A. P., Kudina, T. A., Seyfried, J., Vielhaber, S., Beck, H., Elger, C. E,,
et al. (2002). Seizure-dependent modulation of mitochondrial oxidative
phosphorylation in rat hippocampus. Eur. J. Neurosci. 15, 1105-1114.
doi: 10.1046/j.1460-9568.2002.01947.x

Kunz, W. S., Bimpong-Buta, N. Y., Kudin, A. P., and Elger, C. E. (2004). The role of
mitochondria in epilepsy: implications for neurodegenerative diseases. Toxicol.
Mech. Methods 14, 19-23. doi: 10.1080/15376520490257374

Lemieux, H., Blier, P. U., and Gnaiger, E. (2017). Remodeling pathway control of
mitochondrial respiratory capacity by temperature in mouse heart: electron
flow through the gq-junction in permeabilized fibers. Sci. Rep. 7:2840.
doi: 10.1038/s41598-017-02789-8

Li, W, Papilloud, A., Lozano-Montes, L., Zhao, N., Ye, X., Zhang, X,, et al.
(2018). Stress impacts the regulation neuropeptides in the rat hippocampus
and prefrontal cortex. Proteomics 18:¢1700408. doi: 10.1002/pmic.20170
0408

Loacker, S., Sayyah, M., Wittmann, W., Herzog, H., and Schwarzer, C. (2007).
Endogenous dynorphin in epileptogenesis and epilepsy: anticonvulsant net
effect via kappa opioid receptors. Brain 130, 1017-1028. doi: 10.1093/brain/
awl384

Magloczky, Z., and Freund, T. F. (1993). Selective neuronal death in the
contralateral hippocampus following unilateral kainate injections into the ca3
subfield. Neuroscience 56, 317-335. doi: 10.1016/0306-4522(93)90334-C

Mateo, C., Knutsen, P. M., Tsai, P. S., Shih, A. Y., and Kleinfeld, D. (2017).
Entrainment of arteriole vasomotor fluctuations by neural activity is a basis
of blood-oxygenation-level-dependent "resting-state” connectivity. Neuron 96,
936-948. doi: 10.1016/j.neuron.2017.10.012

Mayfield, K. P., and D’Alecy, L. G. (1994a). Delta-1 opioid agonist acutely increases
hypoxic tolerance. J. Pharmacol. Exp. Ther. 268, 683-688.

Mayfield, K. P., and D’Alecy, L. G. (1994b). Delta-1 opioid receptor dependence of
acute hypoxic adaptation. J. Pharmacol. Exp. Ther. 268, 74-77.

Osharina, V., Aarabi, A., Manoochehri, M., Mahmoudzadeh, M., and Wallois, F.
(2017). Hemodynamic changes associated with interictal spikes induced by
acute models of focal epilepsy in rats: a simultaneous electrocorticography
and near-infrared spectroscopy study. Brain Topogr. 30, 390-407. doi: 10.1007/
510548-016-0541-z

Frontiers in Molecular Neuroscience | www.frontiersin.org

September 2018 | Volume 11 | Article 351


https://doi.org/10.1016/j.wneu.2016.12.074
https://doi.org/10.1016/j.wneu.2016.12.074
https://doi.org/10.1111/epi.13741
https://doi.org/10.1042/BST0351228
https://doi.org/10.1042/BST0351228
https://doi.org/10.1371/journal.pone.0075099
https://doi.org/10.1056/NEJMoa1703784
https://doi.org/10.1002/(SICI)1096-9861(19991129)414:4<437::AID-CNE2>3.0.CO;2-3
https://doi.org/10.1002/(SICI)1096-9861(19991129)414:4<437::AID-CNE2>3.0.CO;2-3
https://doi.org/10.1016/S0920-1211(01)00318-7
https://doi.org/10.1016/j.mito.2015.10.007
https://doi.org/10.1007/s12035-014-8669-x
https://doi.org/10.1016/j.neuint.2009.11.011
https://doi.org/10.1016/j.mito.2011.04.004
https://doi.org/10.1016/j.neuroscience.2011.11.060
https://doi.org/10.1016/j.eplepsyres.2013.11.016
https://doi.org/10.1016/j.eplepsyres.2013.11.016
https://doi.org/10.1016/j.neuron.2012.03.032
https://doi.org/10.1038/nrn3482
https://doi.org/10.1523/JNEUROSCI.22-14-05797.2002
https://doi.org/10.1523/JNEUROSCI.22-14-05797.2002
https://doi.org/10.1523/JNEUROSCI.5516-05.2006
https://doi.org/10.1523/JNEUROSCI.5516-05.2006
https://doi.org/10.1074/mcp.M111.016428
https://doi.org/10.3389/fnmol.2018.00100
https://doi.org/10.1155/2017/1546125
https://doi.org/10.1038/285231a0
https://doi.org/10.1016/0024-3205(75)90268-4
https://doi.org/10.1177/0271678X18755225
https://doi.org/10.1177/0271678X18755225
https://doi.org/10.1038/383535a0
https://doi.org/10.1046/j.1460-9568.2002.01947.x
https://doi.org/10.1080/15376520490257374
https://doi.org/10.1038/s41598-017-02789-8
https://doi.org/10.1002/pmic.201700408
https://doi.org/10.1002/pmic.201700408
https://doi.org/10.1093/brain/awl384
https://doi.org/10.1093/brain/awl384
https://doi.org/10.1016/0306-4522(93)90334-C
https://doi.org/10.1016/j.neuron.2017.10.012
https://doi.org/10.1007/s10548-016-0541-z
https://doi.org/10.1007/s10548-016-0541-z
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Burtscher et al.

Impact of Enkephalin of Mitochondrial Function During Epileptogenesis

Paxinos, G., and Franklin, K. B. J. (2001). The Mouse Brain in Stereotaxic
Coordinates, 2nd Edn. San Diego, CA.: Academic Press.

Paxinos, G., and Watson, C. (1986). The Rat Brain in Stereotaxic Coordinates.
New York, NY: Academic Press.

Pitkdnen, A., Loscher, W., Vezzani, A., Becker, A. J., Simonato, M., Lukasiuk, K.,
et al. (2016). Advances in the development of biomarkers for epilepsy. Lancet
Neurol. 15, 843-856. doi: 10.1016/S1474-4422(16)00112-5

Rahman, S. (2015). Pathophysiology of mitochondrial disease causing epilepsy
and status epilepticus. Epilepsy Behav. 49, 71-75. doi: 10.1016/j.yebeh.2015.
05.003

Riban, V., Bouilleret, V., Pham-Le, B. T., Fritschy, J. M., Marescaux, C., and
Depaulis, A. (2002). Evolution of hippocampal epileptic activity during the
development of hippocampal sclerosis in a mouse model of temporal lobe
epilepsy. Neuroscience 112, 101-111. doi: 10.1016/S0306-4522(02)00064-7

Rowley, S., and Patel, M. (2013). Mitochondrial involvement and oxidative stress
in temporal lobe epilepsy. Free Radic. Biol. Med. 62, 121-131. doi: 10.1016/j.
freeradbiomed.2013.02.002

Ruan, L., Wang, Y., Chen, S. -, Zhao, T., Huang, Q., Hu, Z., et al. (2017). Metabolite
changes in the ipsilateral and contralateral cerebral hemispheres in rats with
middle cerebral artery occlusion. Neural Regen. Res. 12, 931-937. doi: 10.4103/
1673-5374.208575

Schwarzer, C., Sperk, G., Samanin, R., Rizzi, M., Gariboldi, M., and Vezzani, A.
(1996). Neuropeptides-immunoreactivity and their mrna expression in
kindling: functional implications for limbic epileptogenesis. Brain Res. Brain
Res. Rev. 22, 27-50. doi: 10.1016/0165-0173(96)00005-7

Simantov, R., and Snyder, S. H. (1976). Isolation and structure identification of
a morphine-like peptide enkepahalin in bovine brain. Life Sci. 18, 781-788.
doi: 10.1016/0024-3205(76)90002-3

van Campen, J. S., Hessel, E. V. S., Bohmbach, K., Rizzi, G., Lucassen, P. J., Lakshmi,
Turimella S, et al. (2018). Stress and corticosteroids aggravate morphological
changes in the dentate gyrus after early-life experimental febrile seizures in
mice. Front. Endocrinol. 9:3. doi: 10.3389/fendo.2018.00003

van Campen, J. S., Jansen, F. E., de Grann, N. E., Braun, K. P. J., and Joels, M.
(2014). Early life stress in epilepsy: a seizure precipitant and risk factor

for epileptogenesis. Epilepsy Behav. 38, 160-171. doi: 10.1016/j.yebeh.2013.
09.029

Weilnau, J. N., Carcella, M. A., Miner, K. M., Bhatia, T. N., Hutchison, D. F.,
and Pant, D. B. (2018). Evidence for cross-hemispheric preconditioning
in experimental parkinson’s disease. Brain Struct. Funct. 223, 1255-1273.
doi: 10.1007/s00429-017-1552-6

Wittmann, W., Loacker, S., Kapeller, I., Herzog, H., and Schwarzer, C. (2005). Y1-
receptors regulate the expression of y2-receptors in distinct mouse forebrain
areas. Neuroscience 136, 241-250. doi: 10.1016/j.neuroscience.2005.07.047

Zhang, J., Haddad, G. G., and Xia, Y. (2000). Delta-, but not mu- and kappa-
, opioid receptor activation protects neocortical neurons from glutamate-
induced excitotoxic injury. Brain Res. 885, 143-153. doi: 10.1016/S000
6-8993(00)02906-1

Zhu, M., Li, M., Tian, X. -, Ou, X. -, Zhu, C., and Guo, J. (2009). Neuroprotective
role of delta-opioid receptors against mitochondrial respiratory chain injury.
Brain Res. 1252, 183-191. doi: 10.1016/j.brainres.2008.11.030

Zhu, M., Li, M., Yang, F., Ou, X,, Ren, Q., Gao, H., et al. (2011). Mitochondrial
erk plays a key role in delta-opioid receptor neuroprotection against acute
mitochondrial dysfunction. Neurochem. Int. 59, 739-748. doi: 10.1016/j.neuint.
2011.08.005

Contflict of Interest Statement: EG is CEO of Oroboros Instruments.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2018 Burtscher, Bean, Zangrandi, Kmiec, Agostinho, Scorrano, Gnaiger
and Schwarzer. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org

14

September 2018 | Volume 11 | Article 351


https://doi.org/10.1016/S1474-4422(16)00112-5
doi: 10.1016/j.yebeh.2015.05.003
doi: 10.1016/j.yebeh.2015.05.003
https://doi.org/10.1016/S0306-4522(02)00064-7
https://doi.org/10.1016/j.freeradbiomed.2013.02.002
https://doi.org/10.1016/j.freeradbiomed.2013.02.002
https://doi.org/10.4103/1673-5374.208575
https://doi.org/10.4103/1673-5374.208575
https://doi.org/10.1016/0165-0173(96)00005-7
https://doi.org/10.1016/0024-3205(76)90002-3
https://doi.org/10.3389/fendo.2018.00003
doi: 10.1016/j.yebeh.2013.09.029
doi: 10.1016/j.yebeh.2013.09.029
https://doi.org/10.1007/s00429-017-1552-6
https://doi.org/10.1016/j.neuroscience.2005.07.047
https://doi.org/10.1016/S0006-8993(00)02906-1
https://doi.org/10.1016/S0006-8993(00)02906-1
https://doi.org/10.1016/j.brainres.2008.11.030
https://doi.org/10.1016/j.neuint.2011.08.005
https://doi.org/10.1016/j.neuint.2011.08.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Proenkephalin Derived Peptides Are Involved in the Modulation of Mitochondrial Respiratory Control During Epileptogenesis
	Introduction
	Materials and Methods
	Animals
	Seizure Threshold and Opioid Receptor Pharmacology
	Kainic Acid Injections
	Histology, Cell Counts and Immunohistochemistry
	In situ Hybridization
	Quantitative Real-Time PCR (qPCR)
	High-Resolution Respirometry
	Statistical Methods

	Results
	Role of Enk in Seizure Threshold and It's Regulation During Epileptogenesis
	Effects of Enk-Deficiency in Epileptogenesis
	Effects of Enk Deficiency on Mitochondrial Respiration During Epileptogenesis
	Qualitative Changes in the Regulation of Oxidative Phosphorylation in Enk-/- Mice

	Discussion
	DOPr/Enk System Effects on Seizure Threshold and Its Regulation During Epileptogenesis
	Is Enkephalin a Driving Force in Epileptogenesis?
	Enkephalin's Link to Mitochondrial Function During Epileptogenesis

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


