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Abstract:

Growing evidence indicates that alterations in autophagy are
present in a variety of neurological disorders, ranging from
neurodegenerative diseases to acute neurological insults. Only
recently has the role of autophagy in epilepsy started to be
recognized. In this study, we used pentylenetetrazole (PTZ)
kindling, which provides a model of chronic epilepsy, to investigate
the involvement of autophagy in the hippocampus and the possible
mechanisms involved. Our western blot results showed that
autophagy-related proteinswere significantly increased after the
mice were fully kindled. In addition, immunofluorescence studies
revealed a significant increase in the punctate accumulation of LC3
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in the hippocampal CA1l region of fully PTZ-kindled mice.
Consistent with the upregulation of ATG proteins and punctate
accumulation of LC3 in the hippocampal CA1l region,
autophagosomal vacuole formation was observed by an
ultrastructural analysis, verifying the presence of a hippocampal
autophagic response in PTZ-kindled mice. Increased oxidative
stress has been postulated to play an important role in the
pathogenesis of a number of neurological diseases, including
epilepsy. In this study, we demonstrate that PTZ kindling induced
reactive oxygen species (ROS) production and lipid peroxidation,
which were accompanied by mitochondrial ultrastructural damage
due to the activation of NADPH oxidase. Pharmacological inhibition
of NADPH oxidase by apocynin significantly suppressed the
oxidative stress and ameliorated the hippocampal autophagy in
PTZ-kindled mice. Interestingly, pharmacological induction of
autophagy suppressed PTZ-kindling progress and reduced
PTZ-kindling-induced oxidative stress while inhibition of autophagy
accelerated PTZ kindling progress and increased
PTZ-kindling-induced oxidative stress. These results suggest that
the oxidative stress induced by NADPH oxidase activation may
play a pivotal role in PTZ-kindling process as well as in PTZ
kindling-induced hippocampal CA1 autophagy.
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1. Introduction

Autophagy is a catalytic process by which cytoplasmic
macromolecules and organelles are degraded and plays an
essential role in maintaining cellular homeostasis (Levine and
Klionsky, 2004). The initiation of autophagy involves the formation
of double-membrane vesicles, named autophagosomes, which
subsequently fuse with lysosomes to degrade the contents
(Shintani and Klionsky, 2004). Although normal autophagy is
required to maintain cellular homeostasis, excessive autophagy
may be associated with cell death (Koike et al., 2008, Levine and
Kroemer, 2008, Essick and Sam, 2010).

The regulation of autophagy is dependent on several
autophagy-related genes (ATG), which are characterized by a high
degree of conservation among species as distant as humans and
yeast (Klionsky, 2005). Several ATG proteins, such as ATG-5 and
ATG-7, are directly involved in the formation of the autophagosome
(Ohsumi, 2001). Microtubule-associated protein light chain 3 (LC3)
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Is the mammalian equivalent of yeast ATG-8, and exists in two
forms, LC3-I and LC3-Il. LC3-I is normally found in the cytosol,
whereas the product of its proteolytic maturation, LC3-ll, is located
in the autophagosomal membranes. Beclin-1 is the mammalian
orthologue of yeast ATG-6 and resides in the trans-Golgi network,
where it participates in autophagosome formation (Kabeya et al.,
2000). A growing body of evidence suggests that autophagy is
involved in various central nervous system diseases (Rubinsztein
et al., 2005, Chu, 2006, Hara et al., 2006, Komatsu et al., 2006a).
Despite increasing studies about the importance of autophagy in
various neurological disorders, there have been relatively few
studies regarding the role of autophagy in epilepsy. =~ NADPH

oxidase is a cytoplasmic enzyme identified in many cell types that
transfers an electron from NADPH to molecular oxygen to generate
superoxide. It is recognized that NADPH oxidase subunits are also
expressed in neurons (Noh and Koh, 2000, Tammariello et al.,
2000) Several lines of evidence have indicated that NADPH
oxidase-induced oxidative stress is a major inducer of autophagy,
which is important for maintaining cellular homeostasis by recycling
dysfunctional macromolecules and organelles (Huang and Brumell,
2009, Scherz-Shouval and Elazar, 2011, Ryter et al.,, 2012).
However, little is known about the NADPH-mediated autophagy in
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epilepsy. In the present study, we sought to determine how
autophagy is regulated in the hippocampus of PTZ-kindled mice
and to explore the role of NADPH oxidase further in the regulation

of hippocampal autophagy in PTZ-kindled mice.

2. Materials and Methods

2.1 Animals

Male C57/BL6 mice (four weeks old; weighing 19+2 g at the
beginning of the experiments) were obtained from the comparative
medicine center of Yangzhou University (Yangzhou, China). The
animals were housed in plastic cages and kept in a regulated
environment (22+1°C) with an artificial 12 h light/dark cycle (lights
on from 8:00 A.M. to 8:00 P.M.). Food and tap water were available
ad libitum. The procedures used to produce the PTZ kindling
epilepsy model were approved by the Animal Care and Use
Committee of the Medical School of Southeast University. All efforts
were made to minimize animal suffering and discomfort and to

reduce the number of animals used.

2.2 Drugs
Pentylenetetrazole (PTZ) (Sigma Aldrich) was dissolved in saline.
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Apocynin (Sigma Aldrich) and Rapamycin (Sigma Aldrich) were first
dissolved in dimethylsulfoxide (DMSO) and then diluted in saline.
Chloroquine diphosphate salt (Sigma Aldrich) and leupeptin

hemisulfate (Sigma Aldrich) were dissolved in saline.

2.3 Kindling procedure

The kindling epilepsy model was induced as described previously
(Zhu et al., 2015). Briefly, mice were intraperitoneally injected with
PTZ (35 mg/kg) once every other day for a total of eleven injections
(from Day 1 to Day 21) and mice showing more than three
consecutive stage 4 seizures were considered to be fully kindled.
Mice that received PTZ (35 mg/kg) once every other day for a total
of six injections (from Day 1 to Day 11) and showing stage 2 or
stage 3 seizures were considered to be partially kindled. Vehicle
control animals were injected with saline. The seizure events during
the 30 min period after each PTZ injection were observed. The
seizure intensity was scored as follows (Schroder et al., 1993,
Becker et al., 1995, Mizoguchi et al., 2011): Stage 0, no response;
Stage 1, ear and facial twitching; Stage 2, convulsive twitching
axially through the body; Stage 3, myoclonic jerks and rearing;
Stage 4, turning over onto the side, wild running, and wild jumping;
Stage 5, generalized tonic-clonic seizures; and Stage 6, death. To
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determine the role of autophagy in PTZ-induced kindling progress,
mice received PTZ injection (35mg/kg) alone or Chloroquine (CQ),
(20mg/kg) Apocynin (20mg/kg), Rapamycin (15mg/kg) 30min
before each PTZ injection once every other day for eleven total

Injections. The seizure intensity was scored as described above.

2.4 Brain tissue processing

To assess the levels of autophagy-related proteins, NADPH
oxidase subunit p47 phox protein, protein carbonyl and lipid
peroxidation, the hippocampus was dissected from vehicle control,
partially kindled and fully kindled mice. Dissected hippocampal
tissues were then snap-frozen and stored at -80°C until use. For
the immunocytochemical analyses of LC3 and p47 phox and ROS
measurement, the mice were euthanized by an intraperitoneal
injection of an overdose of urethane and were transcardially
perfused with 100 mL of saline (0.9% w/v NaCl), followed by 50 mL
of 4% paraformaldehyde in 0.05 M sodium phosphate (pH=7.4,
containing 0.8% NaCl). The mouse brains were removed and
post-fixed overnight in 4% paraformaldehyde, then were
cryoprotected in 30% sucrose in 1xPBS for 72 hours. Serial coronal
hippocampal sections with a thickness of 25 um were cut using a
cryostat (Leica Microsystems, Wetzlar, Germany) and every sixth
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section throughout the hippocampus were collected in 1x PBS as
free-floating sections and were stored at 4°C for future
Immunocytochemistry studies as described previously (Zhu et al.,

2006).

2.5 Immunocytochemistry and cell counting

The immunocytochemistry studies of LC3 and NADPH oxidase
subunit p47phox were performed on free-floating sections as
described previously (Zhu et al., 2006). Briefly, the sections were
heated (65°C for 50 min) in antigen unmasking solution
(2xSSC/formamide), incubated in 2 M HCI (30°C for 30 min), rinsed
in 0.1 M boric acid (pH 8.5) for 10 min, incubated in 1% H,O, in
PBS for 30 min and blocked in PBS containing 3% normal goat
serum, 0.3% (w/v) Triton X-100 and 0.1% BSA (room temperature
for 1 hour), followed by incubation with a rabbit monoclonal
anti-LC3 B antibody (1:200; Novus, Littleton, CO, USA) or rabbit
polyclonal anti-p47phox antibody (anti-NCF1) (1:250; Abcam,
Temecula, CA, USA) at 4°C overnight. Subsequently, the sections
were incubated with a fluorescent secondary antibody, a
TRITC-conjugated goat anti-rabbit antibody (1:200; Cwbiotech,
Beijing, China) for LC3B labeling, or with a streptavidin-biotin
enzyme complex (SABC) and a DAB kit (Boster, Wuhan, China) for
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p47phox labeling. For LC3/NeuN double labeling, the sections
were incubated with the rabbit anti-LC3B monoclonal antibody
(1:200; Novus, Littleton, CO, USA) and a mouse anti-NeuN
monoclonal antibody (1:200; Abcam, Temecula, CA, USA) at 4°C
overnight. The sections were then rinsed and incubated with
TRITC-conjugated goat-anti rat (1: 150, Cwbiotech, Beijing, China)
and FITC-conjugated goat anti-mouse (1:150, Cwbiotech, Beijing,
China) secondary antibodies, respectively. The sections were then
rinsed and mounted on gelatin-coated slides in DAPI-anti fade
mounting medium (SouthernBiotech, Birmingham, Alabama, USA).

To assess the LC3 puncta and count the p47phox-positive cells,
the CA1 region of the hippocampus from each animal was captured,
and the quantitative analyses of the LC3 puncta and
p47phox-positive cells were performed using the Image J software
(NIH, Bethesda, MD, USA) as described in our previous study (Zhu
et al., 2015). Briefly, six visual fields (0.6 mm?) of the hippocampal
CAL1 region were photographed in every sixth section from a series
of 25-um coronal sections throughout the hippocampus. The
numbers of LC3 puncta and p47phox-positive cells in each field
were counted at a higher magnification (400 X). The data are
presented as the number of cells per visual field. Double labeling
was imaged with a confocal laser scanning microscope (Olympus
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LSM-GB200, Japan).

2.6 Western blotting

The dissected hippocampal tissues of the mice were homogenized
in tissue lysis buffer (Beyotime, China). After being lysed for 15 min
on ice, samples were centrifuged at 12,000 rpm for 15 min. The
protein content in each supernatant fraction was determined using
a BCA protein assay kit (Pierce, Rockford, IL, USA) and samples
containing equivalent amounts of protein were applied to 12%
acrylamide denaturing gels (SDS-PAGE). After electrophoresis, the
proteins were transferred to nitrocellulose membranes (Amersham,
Little Chalfont, UK) using a Bio-Rad mini-protein-Ill wet transfer unit
(Hercules, CA, USA) overnight at 4°C.

The membranes were then incubated with 5% non-fat milk in
TBST (10 mmol/l Tris pH=7.6, 150 mmol/L NaCl, 0.01%Tween-20)
for 1 hour at room temperature followed by three washes, then
were incubated with rabbit anti-LC3B (1:2500; Novus, Littleton, CO,
USA), rabbit anti-Beclin-1 (1:2000; Abcam, Temecula, CA, USA),
rabbit anti-ATG-5 (1:2000; Abcam, Temecula, CA, USA), rabbit
anti-ATG-7 (1:2500; Sigma-aldrich, St. Louis, MO, USA) , rabbit
anti-p47phox (anti-NCF1) (1:2500; Abcam, Temecula, CA, USA),

rabbit anti-NOX2/gp91phox (1:2500; Abcam, Temecula, CA, USA)
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and rabbit anti-NOXA2/p67phox (1:2500; Abcam, Temecula, CA,
USA) in TBST overnight at 4°C. After several washes with TBST
buffer, the membranes were incubated for 1 hour with HRP-linked
secondary antibody (Boster Bioengineering, Wuhan, China) diluted
1:5,000, followed by four washes. The membranes were then
processed with enhanced chemiluminescence (ECL) western blot
detection reagents (Millipore, Billerica, MA, USA). Signals were
digitally captured using a MicroChemi chemiluminescent image
analysis system (DNR Bio-imaging Systems, Jerusalem, Israel).
Blots were quantified using the Image J software (NIH, Bethesda,
MD, USA).

2.7 Detection of reactive oxygen species (ROS)

To detect superoxide production in the brain sections, a cell
membrane-permeable superoxide-sensitive  fluorescent dye
dihydroethidium (DHE) (Sigma-Aldrich, St. Louis, MO, USA) was
used as described previously (Banes et al., 2005). Briefly,
hippocampal sections were incubated with 11 M DHE in 0.1 M
phosphate buffer (PBS, PH=7.4) at room temperature for 15 min in
the dark. The sections were then washed with PBS three times and
mounted on gelatin-coated slides. The fluorescence of DHE was
visualized by a confocal laser scanning microscope (Olympus
LSM-GB200, Japan) using an excitation wavelength of 520 to 540
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nm. Fluorescence was quantified with the Image J software

program (NIH, Bethesda, MD, USA).

2.8 Measurement of the lipid peroxidation and protein
oxidation

The lipid peroxidation was evaluated by detecting the levels of
malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4HNE). Briefly,
the dissected hippocampal tissues from mice were homogenized in
tissue lysis buffer (Beyotime, China). After being lysed for 15 min
on ice, the homogenates were centrifuged at 3,000 rpm for 15 min.
The protein content in each supernatant fraction was determined
using a BCA protein assay as described in the western blotting
section above. The levels of MDA and 4-HNE in the supernatant
were measured by a commercially available MDA assay kit
(Jiancheng Bioengineering, Nanjing China) and 4-HNE assay kit
(Cell Biolabs, San Diego, CA), respectively. The MDA content was
expressed as nmol per mg protein while the 4-HNE content was
expressed as 1 g per g protein. The extent of protein oxidation was
assayed by measuring the protein carbonyl content using a protein
carbonyl content assay kit (Sigma Aldrich). The protein carbonyl
content was expressed as nmol per mg protein. All assays were
conducted according to the manufacturer’s instructions.
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2.9 Transmission electron microscopy

For the transmission electron microscopy (TEM) analyses, mice
were deeply anesthetized and transcardially perfused with 0.1 M
phosphate buffer (PBS, pH=7.4), followed by 4% PFA and 2%
glutaraldehyde. The CALl subfield of the hippocampus was then
removed and processed for electron microscopy. Tissue samples
were diced and immediately submerged in 2.5% glutaraldehyde
(0.1 M sodium cacodylate buffer, pH=7.2). Each specimen was
trimmed and embedded in Spurr’s medium. Tissue blocks were
post-fixed with osmium, en bloc stained with uranyl acetate, and
post-stained with uranyl acetate and lead citrate. Tissue sections
were cut to a thickness of 60-70 nm and viewed on 300-mesh
coated grids using a transmission electron microscope (JEOL,
JEM-1010, Tokyo, Japan). The images were acquired digitally from
a randomly selected pool of eight visual fields (800 um?®) under
each condition. The numbers of autophagosomes were counted
and the data are presented as the average number of
autophagosomes per visual field.

2.10 Statistical analysis

All data are presented as the means £ S.E.M. Statistical
significance was determined using one-way or two-way ANOVA for
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multi-group comparisons, and repeated-measures ANOVA. Tukey’s
test was used for post-hoc comparisons. Differences were

considered to be significant for values of p<0.05.

3. Results

3.1 PTZ-induced kindling model

The PTZ kindling model was generated by repeatedly and
intermittently treating the mice with a sub-convulsive dose of PTZ,
as described in our previous study (Zhu et al., 2015). Compared to
the vehicle control mice, the mice repeatedly treated with PTZ
showed a progressive increase in seizure severity from almost no
observable convulsive behaviors to major tonic-clonic seizures. In
the partially kindled group, most of the mice developed stage 2 to
stage 3 seizures after the final dose. In contrast, in the fully kindled
group, almost all of the mice had become kindled by the final dose,

with at least three consecutive stage 4 seizures (Fig. 1).

3.2 PTZ kindling induced the expression of hippocampal
autophagy-related proteins

To investigate whether autophagy is activated in the hippocampus
of PTZ kindled mice, we first examined the expression of
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ATG-related proteins, including LC3, Beclin-1, ATG-5 and ATG-7,
which are key components required for autophagy, at six and 24
hours after the mice were fully kindled (Fig. 2A). Our Western blot
results revealed that the protein levels of Beclin-1, ATG-5 and
ATG-7 in the hippocampus started to increase by six hours after the
mice were fully kindled and were significantly elevated 24 hours
after the mice were fully kindled (Figs. 2D-2F), whereas none of
these ATG-related proteins were increased in the partially kindled
mice compared to the vehicle control mice. These findings indicate
that the autophagic components are indeed increased in the
hippocampus of fully PTZ-kindled mice.

LC3-Il is a marker of autophagosomes that is processed from
LC3-I and specifically localized in the autophagosomes. The
amount of LC3-II and the ratio of LC3-II/ LC3-I therefore correlates
with the number of autophagosomes (Kabeya et al., 2000). Our
data showed that the level of LC3-Il was significantly increased at
24 hours after the mice were fully kindled (Fig. 2B,). Furthermore,
the ratio of LC3-I/LC3-I was significantly increased in the
PTZ-kindled mice (Fig. 2C). Taken together, these data suggest
that PTZ kindling induced the expression of hippocampal

autophagy-related proteins.
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3.3 PTZ kindling induced the accumulation of
autophagosomes in the hippocampal CA1l region

As noted above, LC3 is localized in the autophagosomes, where it
forms numerous small puncta (Kabeya et al., 2000). To further
characterize the autophagosome formation, we examined the
LC3-containing puncta by immunofluorescence. In the vehicle
control mice, there was a slight accumulation of LC3 puncta in the
hippocampal CA1 region (Fig. 3A), indicating a low basal level of
autophagy in control animals. However, 24 hours after the mice
were fully kindled, a large increase of LC3 puncta accumulation
was observed in the hippocampal CAl region (Figs. 3C-3F,). In the
partially kindled mice, the LC3 puncta remained similar to those
observed in the vehicle control mice (Figs. 3B, 3F).

To determine cell type specificity of autophagosome
accumulation, we performed co-immunostaining using antibodies
against LC3 and a neuronal marker, NeuN. Our results showed that
approximately 65% of the LC3 puncta-positive cells were
co-labeled with NeuN (Fig. 3E), indicating that the punctate
accumulation of LC3 mostly occurred in neurons.

To evaluate the autophagosome formation based on
ultrastructural criteria, we performed a transmission electron
microscopy (TEM) analysis on the hippocampal CA1l regions of
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mouse brains. Consistent with the punctate accumulation of LC3,
considerable autophagosome vacuoles were detected in the
hippocampal CA1 region of fully PTZ-kindled mice compared to the
vehicle control mice (Figs. 3G, 3H). Furthermore, the numbers of
autophagosomal vacuoles were significantly increased in the fully
kindled mice compared to vehicle control mice (Fig. 3l).

To measure autophagic flux, fully PTZ-kindled and control mice
were treated with saline or leupeptin (40mg/kg) to block lysosomal
degradation. Mice were then sacrificed 24 hour later and protein
from hippocampus was extracted for detection the level of LC3 by
western blot (Fig. 3J). Our results showed that levels of LC3-Il in
leupeptin-treated mice were increased 24 hour after injection as
compared with those in control animals (Fig. 3K). This finding
indicates that leupeptin can cross the blood brain barrier and block
lysosomal activity, demonstrating the existence of basal autophagic
flux in the adult mouse hippocampus. PTZ-kindling resulted in an
increase in LC3-Il levels, an effect that was augmented by
concomitant lysosomal inhibition with leupeptin(Fig. 3K).
Furthermore, the ratio of LC3-1I/LC3-I in leupeptin-treated mice
were increased 24 hour after injection as compared with those in
control animals (Fig. 3L), PTZ-kindling resulted in an increase in
the ratio of LC3-1I/LC3-1, which was augmented by concomitant
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lysosomal inhibition with leupeptin (Fig. 3L), indicating autophagic
flux was induced in the hippocampus of PTZ-kindled mice.Taken
together, these data suggest that PTZ kindling induced
autophagosome accumulation within the hippocampal CA1l

region.

3.4 PTZ kindling induced hippocampal NADPH oxidase
activation
It has been reported that NADPH oxidase is involved in the
pathological process in the pilocarpine model of temporal lobe
epilepsy (Pestana et al., 2010). To explore whether NADPH
oxidase is involved in the PTZ kindling epilepsy model, we
examined the expression of the key subunit of NADPH oxidase,
p47phox, which regulates the activity of the enzyme by assembling
the NADPH oxidase functional complex at the membrane (Bedard
et al., 2007). Our immunohistological study showed a significant
increase in p47phox immunostaining in the CAl region of the
hippocampus after the mice were fully kindled (Fig. 4A).
Quantification showed that the number of p47phox-positive cells in
hippocampal CA1 region was significantly increased in the fully
kindled mice compared to vehicle control mice (Fig. 4A)).
Consistent with the immunohistological data, our Western blot
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results revealed that the p47phox protein content in the
hippocampus was significantly increased at six and 24 hours after
the mice were fully kindled compared to the vehicle control mice
(Fig. 4B). However, the expression of other subunits of NADPH
oxidase including p67phox and gp91phox remain similar among
different group of mice (Fig. 4B). These findings suggested that
PTZ kindling induced NADPH oxidase activation in the

hippocampal CA1 region.

3.5 PTZ kindling-induced oxidative stress is dependent on the
activation of NADPH oxidase

Increased generation of ROS and lipid peroxidation have been
suggested to result in oxidative stress. An increasing number of
studies have suggested that oxidative stress is involved in the
pathogenesis of epilepsy (Liang and Patel, 2004, Peker et al., 2009,
Tsai et al., 2010). A recent study by our laboratory found that the
MDA level was significantly increased in the PTZ-kindled mice (Zhu
et al., 2015).

Apocynin is a well-established NADPH oxidase inhibitor which
acts by impeding the assembly of the p47phox and p67phox
subunits within the membrane NADPH oxidase complex (Meyer, J.
W., 2000), consequently reducing the p47phox membrane

20



translocation. To determine whether pharmacological inhibition of
NADPH oxidase is sufficient to modulate the PTZ kindling-induced
oxidative stress in the mouse hippocampus, mice were
intraperitoneally injected four times with the NADPH oxidase
inhibitor, apocynin (20 mg/kg) every six hours beginning
immediately after they were kindled. The mice were then examined
for hippocampal ROS production, lipid peroxidation and
mitochondrial ultrastructure changes (Fig. 5A).

We first examined the hippocampal CA1 ROS accumulation
profiles by measuring the DHE-reactive superoxide (Fig. 5B). Our
data showed that the fully PTZ-kindled mice displayed higher DHE
fluorescence intensity compared to the vehicle control mice (Fig.
5C). However, pharmacological inhibition of NADPH oxidase by
apocynin suppressed the PTZ kindling-induced increase in the
DHE intensity (Fig. 5C), while the mice treated with apocynin alone
did not show a significant difference in the DHE intensity compared
to the vehicle control mice (Fig. 5C).

Next, we examined the lipid peroxidation by detecting lipid
peroxidation products MDA and 4-HNE. Our data showed that the
MDA content was significantly increased in fully PTZ-kindled mice
compared to the vehicle control mice (Fig. 5D). However,
pharmacological inhibition of NADPH oxidase by apocynin
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suppressed the PTZ kindling-induced increase in the MDA level
(Fig. 5D), while mice treated with apocynin alone did not show any
significant difference in the MDA content compared to the vehicle
control mice (Fig. 5D). 4-HNE content was significantly increased
in fully PTZ-kindled mice compared to the vehicle control mice (Fig.
5E). Pharmacological inhibition of NADPH oxidase by apocynin
suppressed the PTZ kindling-induced increase in the 4-HNE level
(Fig. 5E), while the mice treated with apocynin alone did not show
any significant difference in the 4-HNE content compared to the
vehicle control mice (Fig. 5E). Taken together, these data suggest
that the PTZ kindling-induced oxidative stress is dependent on the

activation of NADPH oxidase.

3.6 PTZ kindling induced mitochondrial ultrastructural damage
in the hippocampal CA1 region

It is generally accepted that cellular changes occur as a
consequence of epileptic seizures and may play an important role
in the epilepsy-associated pathological processes. A recent study
reported that an increased level of oxidative stress was associated
with impaired mitochondrial function in epilepsy (Rowley et al.,
2015). In the present study, we specifically investigated the
ultrastructural changes of the mitochondria in the hippocampal CAl
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region by transmission electron microscopy (TEM) 24 hours after
the mice were fully kindled. In the vehicle control mice, the
mitochondria were normal, and maintained intact inner and outer
membranes, clear cristae and a smooth matrix (Fig. 6A). In
contrast, the mitochondria in fully PTZ-kindled mice displayed
swelling, dilation, outer membrane ruptures and cristae disruption
(Fig. 6B). The administration of apocynin ameliorated PTZ
kindling-induced mitochondrial ultrastructure damage. As seen in
Fig. 6C, the mitochondria were slightly swollen, with mild cristae
and inner and outer membrane disruption in the apocynin-treated
PTZ-kindled mice. The mitochondria in the mice treated with
apocynin alone maintained intact membranes, clear cristae and a
smooth matrix, which were similar to those of vehicle control mice
(Fig. 6D). These data suggest that the PTZ kindling-induced
mitochondria ultrastructural damage is dependent on the activation

of NADPH oxidase.

3.7 PTZ kindling-induced hippocampal autophagy is
dependent on the activation of NADPH oxidase

To further investigate whether PTZ kindling-induced hippocampal
autophagy is dependent on the activation of NADPH oxidase, we
treated mice with apocynin (20mg/kg) to pharmacologically inhibit
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NADPH oxidase activity after they were fully kindled (Fig. 5A) and
examined the level of autophagy in the hippocampus. Western
blotting showed that the PTZ kindling-induced expression of
hippocampal autophagy-related proteins, such as LC3-Il, Beclin-1,
ATG-5 and ATG-7, was suppressed by inhibiting NADPH oxidase
with apocynin (Fig. 7A). A quantitative study revealed that apocynin
treatment significantly decreased the PTZ kindling-induced levels
of the LC3-1l (Fig. 7B), Beclin-1 (Fig. 7D), ATG-5 (Fig. 7E), and
ATG-7 (Fig. 7F) proteins and the ratio of LC3-1l/ LC3-I (Fig. 7C).
Furthermore, our immunofluorescence study showed that the
increase in punctate LC3 accumulation in the hippocampal CA1
region of PTZ-kindled mice was suppressed by inhibition of NADPH
oxidase with apocynin (Figs. 7G). Moreover, a quantitative study
revealed that apocynin treatment significantly decreased the
number of LC3 puncta-positive cells in fully kindled mice (Fig. 7).
An ultrastructural TEM analysis revealed that considerable
numbers of autophagosomal vacuoles were formed in the
hippocampal CA1 region 24 hours after the mice were kindled (Fig.
7F). However, the administration of apocynin significantly
decreased the number of autophagosomal vacuoles in fully kindled
mice (Figs. 7J,). Taken together, these findings suggest that the
PTZ kindling-induced hippocampal autophagy is dependent on the
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activation of NADPH oxidase.

3.8 Pharmacological modulation of autophagy alters
PTZ-induced kindling development

To determine the role of autophagy in PTZ-induced kindling
process, we treated mice with pharmacological inducer and
inhibitor of autophagy before each single PTZ treatment. Our
results showed that induction of autophagy by rapamycin
(Rapamycin+PTZ) suppressed kindling development, while
inhibition of autophagy by CQ (CQ+PTZ) accelerated kindling
development (Fig. 8A). In addition, inhibition of NADPH oxidase
by Apocynin (Apocynin+PTZ)  also suppressed kindling
development (Fig. 8A).

To further determine the oxidative stress status and their
relationship with autophagy during PTZ-induced kindling progress,
we detected protein oxidation and lipid peroxidation level 30
minutes after the last injection of PTZ in PTZ, CQ+PTZ,
Rapamycin+PTZ and Apocynin+PTZ mice respectively. Our results
showed that inhibition of autophagy by CQ during PTZ-inducing
kindling process increased the protein carbonyl content which is an
indicator of protein oxidation (Fig. 8B) and the level of 4-HNE which
iIs an indicator of lipid peroxidation (Fig.8C), while induction of
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autophagy by rapamycin decreased protein carbonyl content (Fig.
8B) and level of MDA which is another indicator of lipid peroxidation
(Fig. 8D). Moreover, inhibition of NADPH oxidase by apocynin
during PTZ-inducing kindling process decreased protein carbonyl
content (Fig. 8B) and 4-HNE level (Fig. 8C). Taken together, these
results suggest that pharmacological induction of autophagy
suppressed PTZ-kindling progress and reduced
PTZ-kindling-induced oxidative stress while inhibition of autophagy
accelerated PTZ  kindling progress and  exacerbate

PTZ-kindling-induced oxidative stress.

4. Discussion

In this study, we demonstrated that PTZ kindling induced
autophagy in the hippocampal CA1l region, and this PTZ
kindling-induced autophagy was accompanied by increased
reactive oxygen species (ROS) production, lipid peroxidation and
mitochondrial injuries through the activation of NADPH oxidase.
Inhibition of NADPH oxidase suppressed the PTZ kindling-induced
oxidative stress and decreased the hippocampal autophagy in
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PTZ-kindled mice. Interestingly, pharmacological induction of
autophagy suppressed PTZ-kindling progress and reduced
PTZ-kindling-induced oxidative stress while inhibition of autophagy
accelerated PTZ kindling progress and increased
PTZ-kindling-induced oxidative stress. Overall, our study suggests
that NADPH oxidase-related oxidative stress may play a pivotal
role in PTZ kindling-induced hippocampal CA1 autophagy as well
as in PTZ-kindling progress.

Autophagy is a key catabolic process that is responsible for the
recycling and degradation of proteins and organelles through the
lysosomal machinery, and has been linked to diverse neurological
diseases (Levine and Kroemer, 2008). The role of autophagy in
epilepsy has gained increasing attention due to the finding that
rapamycin, a powerful inducer of autophagy (Rangaraju et al.,
2010), strongly affects various models of seizure and epilepsy
(McMahon et al., 2012, Siebel et al., 2015, Sosanya et al., 2015).

Two early studies reported that hippocampal autophagy was
increased in kainic acid-induced seizure (Shacka et al., 2007) and
in pilocarpine-induced status epilepticus (SE) models (Cao et al.,
2009). Consistent with these reports, we found an increase in the
hippocampal CA1 autophagy level, as measured by the expression
of autophagy-related proteins, in the PTZ kindling epilepsy model
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(Figs. 2A-2F). This suggests that PTZ kindling induces
hippocampal CAl autophagy. This is further supported by the
finding that the punctate accumulation of LC3 (Figs. 3A-3F) and
the formation of autophagosome vacuoles were increased in the
hippocampal CA1l region of PTZ-kindled mice (Figs. 3G-3l).

Although there is little detectable autophagy in the normal
mature mammalian brain (Mizushima et al., 2004), disrupting the
autophagic process in the brain is deleterious, resulting in the
accumulation of dysfunctional or aging macromolecules and
organelles. Autophagy-deficient mice, including Atg3, Atg5, or Atg7
knockout mice, die shortly after birth  (Komatsu et al.,, 2005,
Komatsu et al., 2006b), indicating that autophagy is an important
homeostatic process involved in eliminating toxic protein
aggregates, defective organelles and pathogens from cells.
Increased autophagy has now been reported in experimental
models of traumatic brain injury (TBI), cerebral ischemia,
excitotoxicity and epilepsy (Degterev et al., 2005, Zhu et al., 2005,
Shacka et al., 2007, Lai et al., 2008, Cao et al., 2009), suggesting
that autophagy is upregulated in response to various neurological
insults and is likely a component of excitotoxicity, which contributes
to cell death (Martin and Baehrecke, 2004, Crighton et al., 2006,
Espert et al., 2006).
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Autophagy can be induced by a variety of stimuli under different
conditions. Reactive oxygen species (ROS) have been considered
to be important autophagic activators (Scherz-Shouval and Elazar,
2007, Scherz-Shouval et al., 2007). NADPH oxidase is a major
source of ROS production in various cell types (Lambeth, 2004,
Bedard and Krause, 2007) because it transfers electrons from
NADPH in the cytosol across a membrane to oxygen molecules,
generating superoxide ions (O,"), which can be rapidly converted to
ROS (Nauseef, 2008).

A growing body of evidence suggests that NADPH oxidase is
responsible for epilepsy-associated oxidative stress (Pestana et al.,
2010, Di Maio et al., 2011, Kim et al., 2013, Kovac et al., 2014). In
this study, we found that PTZ kindling activated NADPH oxidase
(Figs. 4A, 4B) and promoted the generation of ROS and lipid
peroxidation (Figs. 5B-5E), which is consistent with our previous
data (Zhu et al., 2015). Inhibiting NADPH oxidase suppressed the
PTZ kindling-induced ROS generation and lipid peroxidation (Figs.
5B-5E), indicating that the PTZ kindling-induced oxidative stress is
dependent on the activation of NADPH oxidase.

Previous studies reported that the activity of NADPH oxidase
and the ROS generated are key signals that induce autophagy
(Huang and Brumell, 2009, Huang et al., 2009). Consistent with this
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idea, we herein demonstrated that the pharmacological inhibition of
NADPH oxidase suppressed PTZ Kkindling-induced autophagy
(Figs. 7A-71). Thus, the NADPH oxidase activity-dependent
oxidative stress, including ROS generation and lipid peroxidation,
appear to be essential for PTZ kindling-induced autophagy.

Mitochondria are intracellular organelles enclosed by a double
membrane-bound structure. The primary function of mitochondria is
the production of cellular energy in the form of adenosine
triphosphate (ATP) through the mitochondrial respiratory chain.
Multiple lines of evidence support a role for mitochondria in the
pathological process(es) associated with epilepsy (Waldbaum et al.,
2010, Ryan et al., 2012, Ryan et al., 2014). It is believed that
mitochondria are the main targets of oxidative stress. A recent
study reported that deficits in mitochondrial respiration were driven
by ROS in experimental temporal lobe epilepsy (Rowley et al.,
2015). A loss of mitochondrial membrane potential and
mitochondrial impairment have been linked to autophagy (Itoh et al.,
2008Itoh et al., 2008, Lee et al., 2012).

Consistent with these studies, we found that the mitochondria in
the hippocampal CA1 region undergo ultrastructural injuries after
PTZ-induced kindling, which were manifested by outer membrane
rupture and cristae disruption (Fig. 6B). Interestingly, this PTZ
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kindling-induced mitochondrial ultrastructure damage was
ameliorated by inhibiting NADPH oxidase (Fig. 6C), implying that
mitochondrial injuries are an important link between oxidative
stress and autophagy due to the activation of NADPH oxidase in
the PTZ-kindled epilepsy model.

It is believed that autophagy plays an important role in the
development of epilepsy. We herein demonstrated that
pharmacological induction of autophagy suppressed PTZ-kindling
progress and reduced PTZ-kindling-induced oxidative stress while
inhibition of autophagy accelerated PTZ-kindling progress and
exacerbated PTZ-kindling-induced oxidative stress (Figs. 8A-8D).
Combined with the findings that autophagy is stimulated during
PTZ-induced Kkindling process, these results suggested that
enhanced autophagy during PTZ-induced kindling process may
reflect a compensatory attempt, although unsuccessful, to remove
the misfolded or aggregated proteins and damaged organelles
caused by oxidative stress in this process and to relieve the
neuronal excitability. Enhancement of autophagy by Rapamycin
during kindling process facilitated to remove aggregated proteins
and damaged organelles and significantly relieved the neuronal
excitability, which consequently suppressed the kindling
development. On the contrary, inhibition of autophagy by CQ during
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kindling process suppressed the clearance of aggregated proteins
and damaged organelles and increased the neuronal excitatory
toxicity, which consequently accelerated the kindling development.
Furthermore, the accumulation of misfolded or aggregated proteins
and damaged organelles caused by oxidative stress during kindling
development may overwhelm the capacity of the clearance of
oxidative species, therefore, eventually creating a vicious cycle and
accelerated kindling progress. In agreement with this hypothesis,
our results showed that inhibition of autophagy by CQ increased
the protein carbonyl content and the 4-HNE level, while induction of
autophagy by rapamycin decreased protein carbonyl content and
MDA level (Fig.8B-8D). In addition, we found that inhibition of
NADPH oxidase by apocynin during PTZ-inducing process also
suppressed kindling development and reduced protein carbonyl
content and MDA level, suggesting oxidative stress may contribute

to the development of kindling (Fig. 8A-8D).

In conclusion, the present findings demonstrate that PTZ
kindling induced reactive oxygen species (ROS) production and
lipid peroxidation, which were accompanied by mitochondrial
injuries resulting from the activation of NADPH oxidase. Inhibition
of NADPH oxidase activity suppressed the oxidative stress and
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ameliorated the hippocampal autophagy in PTZ-kindled mice.
Moreover, induction of autophagy suppressed PTZ-kindling
progress and reduced oxidative stress while inhibition of autophagy
accelerated PTZ kindling progress and increased oxidative stress.
These data suggest that NADPH oxidase activation-induced
oxidative stress may play a pivotal role in PTZ-induced kindling
process as well as in PTZ kindling-induced autophagy in the

hippocampal CA1 region.
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Figures CAPTIONS:

Fig. 1. The PTZ-induced kindling model. Kindling was evoked by
repeatedly and intermittently treating mice with PTZ at a dose of 35
mg/kg once every other day for eleven total injections, or with 35
mg/kg PTZ once every other day for six total injections. The mice
showing more than three consecutive stage 4 seizures were
considered to be fully kindled (Fy,0=70.5, p<0.001, n=8), while
those showing stage 2 or stage 3 seizures were considered to be
partially kindled (n=8). The values are the means = S.E.M.
**p<0.001 compared with vehicle control mice, repeated measures

ANOVA.

Fig. 2. The expression levels of autophagy-related proteins
were increased in the hippocampus of PTZ-kindled mice. (A)
Western blots showing the protein levels of hippocampal LC3lI,
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LC3II, Beclin-1, ATG-5 and ATG-7 in the vehicle control, partially
kindled and fully kindled mice. (B-F) Bar graphs showing the
quantification of the hippocampal LC3 Il (F316=13.94, p<0.001,
Vehicle Ctrl vs 24 hr post-kindling; p<0.001, Partially kindled vs 24
hr post-kindling; p<0.001, 6 hr post-kindling vs 24 hr post-kindling),
Beclin-1(F; 16=14.86, p<0.001, Vehicle Ctrl vs 24 hr post-kindling;
p<0.001, Partially kindled vs 24 hr post-kindling; p=0.004, 6 hr
post-kindling vs 24 hr post-kindling), ATG-5 (F316=7.62, p=0.006,
Vehicle Ctrl vs 6 hr post-kindling; p=0.002, Vehicle Ctrl vs 24 hr
post-kindling; p=0.006, Partially kindled vs 6 hr post-kindling;
p=0.002, Partially kindled vs 24 hr post-kindling), ATG-7 (F31=8.82,
p<0.001, Vehicle Ctrl vs 24 hr post-kindling; p<0.001, Partially
kindled vs 24 hr post-kindling), LC3II/LC3I ratio (F316=11.62,
p<0.001, Vehicle Ctrl vs 24 hr post-kindling; p<0.001, Partially
kindled vs 24 hr post-kindling), which were represented as the
intensity ratios of these molecules to (-actin, or as the intensity
ratio of LC3IlI to LC3I in the vehicle control, partially kindled and
fully kindled mice (n=5). The values are the means = S.E.M.

**p<0.01, ***p<0.001, one-way ANOVA.

Fig. 3. PTZ kindling induced punctate LC3 accumulation and
autophagosomal vacuole formation in the hippocampal CA1l
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region. (A-C) Representative images of the immunostaining of LC3
puncta in the hippocampal CALl region of the vehicle control,
partially kindled and fully kindled mice, respectively. (D) A higher
magnification image of the hippocampal CAl punctate LC3
immunostaining in fully kindled mice. Red fluorescence indicates
punctate staining for LC3. Nuclei were counterstained with DAPI
(blue). The arrowheads indicate LC3 accumulation. (E) A
representative image of the LC3 puncta (Red) and NeuN (Green)
co-staining in the hippocampal CA1 region of fully kindled mice.
Nuclei were counterstained with DAPI (blue). The arrowheads
indicate the LC3 and NeuN co-labeled cells. (F) The bar graph
shows the quantification of the hippocampal CAl LC3
puncta-positive cells in the vehicle control, partially kindled and fully
kindled mice (F;1,=15.90, p<0.001, Vehicle Ctrl vs Fully kindled;
p<0.001, Partially kindled vs Fully kindled; p=0.37, Partially kindled
vs Vehicle = Ctrl). (n=5). (G-H) Representative electron
photomicrographs of the autophagosomal vacuoles formed in the
hippocampal CALl regions of the vehicle control and fully kindled
mice. () Bar graph showing the quantification of the hippocampal
CAl autophagosomal vacuoles in the vehicle control, partially
kindled and fully kindled mice, respectively (F,1,=12.35, p<0.001,
Fully kindled vs Vehicle Ctrl; p=0.002, Fully kindled vs Partially
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kindled) (n=5). (J) Western blots showing the protein levels of
hippocampal LC3I, LC3Il in PTZ-kindled and control mice which
were treated with Leupeptin or saline. (K-L) Bar graphs showing
the quantification of the hippocampal LC3 Il level and the ration of
LC3II/LC3I, which were represented as the intensity ratios of LC3II
to B-actin, or as the intensity ratio of LC3Il to LC3I in these mice.
With regard to the level of LC3-Il, a two-way ANOVA revealed a
significant main effect of both PTZ kindling (F11=13.74, p=0.002)
and leupeptin treatment (F;.6=7.41, p=0.015) and there was a
significant interaction between PTZ kindling and leupeptin
treatment (F;16=0.532, p=0.04). A Tukey post-hoc test revealed
that the levels of LC3-Il in leupeptin-treated mice were significantly
increased compared with those in control animals (p<0.05).
PTZ-kindling resulted in an increase in LC3-Il levels (p<0.01), an
effect that was augmented by leupeptin treatment (p<0.05). With
regard to the ratio of LC3-1l/LC3-I, a two-way ANOVA revealed a
significant main effect of both PTZ-kindling (Fz1,=5.74, p=0.002)
and leupeptin treatment (Fz,=0.41, p<0.001) and there was a
significant interaction between PTZ kindling and leupeptin
treatment (F3 1,=7.95, p=0.04). A Tukey post-hoc test revealed that
the ratio of LC3-II/LC3-I in leupeptin-treated mice was significantly
increased compared with those in control animals (p<0.01),
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PTZ-kindling resulted in an increase in the ratio of LC3-Il/LC3-I
(p<0.01), an effect that was augmented by leupeptin treatment
(p<0.05). The values are the means *= S.E.M. *p<0.05, **p<0.01,
***n<0.001, one-way or two-way ANOVA. Scale bar = 100 ym in

(A-C), 200 pm in (D, E) and 500 nm in (G, H).

Fig. 4. PTZ kindling induced the expression of NADPH oxidase
subunit p47phox in the hippocampus. (A) Representative
images of p47phox immunostaining and the quantification of the
number of p47phox-positive cells in the hippocampal CA1 region of
the vehicle control, partially kindled and fully kindled mice
(F21,=11.44, p=0.001, Fully kindled vs Vehicle ctrl; p=0.047, Fully
kindled vs Partially kindled) (n=5). (B) Western blots showing the
protein levels of hippocampal NADPH oxidase subunit p47phox,
p67phox and gp9lphox in the vehicle control, partially kindled and
fully kindled mice. Bar graphs showing the quantifications of the
hippocampal p47phox (F316=15.91, p<0.001, 24 hr post-kindling vs
Vehicle ctrl; p<0.001, 6 hr post-kindling vs Vehicle ctrl; p<0.05,
Partially kindled vs 24 hr post-kindling), p67phox (Fs16=0.29,
p=0.835) and gp9lphox (F31¢=0.10, p=0.959) protein levels,
which were represented as the intensity ratio of p47phox, p67phox
and gp91phox to B-actin in the vehicle control, partially kindled and

49



fully kindled mice (n=5). The values are the means = S.E.M.

*p<0.05, *p<0.01, ***p<0.001, one-way ANOVA.

Fig. 5. PTZ kindling-induced hippocampal ROS production and
lipid peroxidation are dependent on the activation of NADPH
oxidase. (A) A schematic representation of the experimental
design. Mice were repeatedly treated with 35 mg/kg PTZ every
other day to induce kindling. Immediately after these mice were
fully kindled, they were administered apocynin at 20 mg/kg four
times at six-hour intervals. These mice were then sacrificed six
hours after the last apocynin injection to detect the ROS production
and lipid peroxidation and for a mitochondrial ultrastructural
analysis. (B) Representative images of DHE fluorescence in the
hippocampus of the vehicle control, fully kindled, fully kindled
apocynin-treated and apocynin-treated mice. (C) A bar graph
showing the quantification of the DHE fluorescence intensity, which
represents the ROS levels in the hippocampus of the vehicle
control, ~fully kindled, fully kindled apocynin-treated and
apocynin-treated mice. A two-way ANOVA revealed a significant
main effect of PTZ kindling (Fy16=42.25, p<0.001) and apocynin
treatment (F11=12.25, p=0.003) on the DHE fluorescence intensity,
and there was a significant interaction between PTZ kindling and
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apocynin treatment (F,16=12.25, p=0.003). A Tukey post-hoc test
revealed that fully PTZ-kindled mice displayed higher DHE
fluorescence intensity compared to the vehicle control mice
(p<0.001). Apocynin treatment suppressed the PTZ
kindling-induced increase in the DHE intensity (p< 0.001), while the
mice treated with apocynin alone did not show a significant
difference in the DHE intensity compared to the vehicle control
mice (p= 0.59) (n=5). (D, E) Bar graphs showing the quantification
of the lipid peroxidation products (MDA and 4-HNE) in the
hippocampus of the vehicle control, fully kindled, fully kindled
apocynin-treated and apocynin-treated mice. With regard to the
MDA content, A two-way ANOVA revealed a significant main effect
of both PTZ kindling (F120=34.46, p<0.001) and apocynin treatment
(F120=11.67, p=0.003), and there was a significant interaction
between PTZ kindling and apocynin treatment (F; ,0=8.08, p=0.01).
A Tukey post-hoc test revealed that MDA content was significantly
increased in fully PTZ-kindled mice compared to the vehicle control
mice (p<0.001). Apocynin treatment suppressed the PTZ
kindling-induced increase in the MDA level (p< 0.001), while mice
treated with apocynin alone did not show any significant difference
in the MDA content compared to the vehicle control mice (p= 0.68).
With regard to the 4-HNE contents, A two-way ANOVA revealed a
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significant main effect of both PTZ-kindling (F120,=23.35, p<0.001)
and apocynin treatment (F;20=9.18, p=0.007) but there was no
significant interaction between PTZ kindling and apocynin
treatment (F120=3.76, p=0.07). A Tukey post-hoc test revealed that
4-HNE content was significantly increased in fully PTZ-kindled mice
compared to the vehicle control mice (p<0.001). Apocynin
treatment suppressed the PTZ kindling-induced increase in the
4-HNE level (p=0.002), while the mice treated with apocynin alone
did not show any significant difference in the 4-HNE content
compared to the vehicle control mice (p=0.45). The values are the
means = S.E.M. **p<0.01, ***p<0.001, two-way ANOVA. Scale

bar=50 um.

Fig. 6. PTZ kindling-induced hippocampal CA1 mitochondrial
ultrastructural damage is dependent on the activation of
NADPH oxidase. Representative electron photomicrographs of the
hippocampal CA1 mitochondrial ultrastructure in vehicle control (A),
fully kindled (B), fully kindled apocynin-treated (C) and
apocynin-treated mice (D). The arrowheads indicate mitochondrial
swelling, which was accompanied by a disruption in the membrane

integrity. Scale bar, 200 nm.
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Fig. 7. PTZ kindling-induced hippocampal autophagy is
dependent on the activation of NADPH oxidase. (A) A western
blot showing the protein levels of hippocampal LC3I, LC3Il,
Beclin-1, ATG-5 and ATG-7 in vehicle control, fully kindled, fully
kindled apocynin-treated and apocynin-treated mice. (B-F) Bar
graphs showing the quantification of the hippocampal LC3Il,
Beclin-1, ATG-5, and ATG-7 levels, and the LC3II/LC3I ratio, which
were represented as the intensity ratios of these proteins to B-actin
or the intensity ratio of LC3Il to LC3I in the four groups of mice. A
two-way ANOVA revealed a significant main effect of PTZ kindling
on the protein levels of LC3-1l (Fy16=7.76, p<0.013), Beclin-1
(F116=9.16, p=0.008), ATG-5 (F116=25.93, p<0.001) , ATG-7
(F116=13.26, p=0.002) and the ratio of LC3-I/LC3-I (Fy16=7.09,
p=0.017) and a significant main effect of apocynin treatment on the
protein levels of LC3-1l (F;16=8.28, p=0.011), Beclin-1 (F;15=3.18,
p=0.03), ATG-5 (F116=7.19, p=0.016), ATG-7 (F116=5.73, p=0.029)
and the ration of LC3-II/LC3-I (F116=3.55, p=0.008) and there was a
significant interaction between PTZ kindling and apocynin
treatment on the protein level of LC3-1l (F11=4.07, p=0.02),
Beclin-1 (F116=2.15, p=0.012), ATG-5 (F1 16=6.24, p<0.001), ATG-7
(F116=4.58, p=0.048) and the ratio of LC3-I/LC3-I (F116=3.20,
p=0.013). A Tukey post-hoc test revealed that apocynin treatment
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significantly decreased the PTZ kindling-induced levels of the
LC3-Il (p<0.05), Beclin-1 (p<0.05), ATG-5 (p<0.01), and ATG-7
(p<0.01) proteins and the ratio of LC3-1l/ LC3-I (p<0.05) (n=5). (G)
Representative images of punctate LC3 immunostaining in the
hippocampal CA1l region of vehicle control, fully kindled, fully
kindled apocynin-treated and apocynin-treated mice, respectively.
(H) Representative electron photomicrographs of the
autophagosomal vacuole formation in the hippocampal CA1l
regions of the four groups of mice. (I) A bar graph shows the
quantification of the hippocampal CA1 LC3 puncta-positive cells in
the four groups of mice. A two-way ANOVA revealed a significant
main effect of PTZ kindling (Fy16=14.46, p=0.002) and apocynin
treatment (F;16=5.81, p=0.028) on the the number of LC3
puncta-positive cells and there was a significant interaction
between PTZ kindling and apocynin treatment (F; 15=4.29, p=0.04).
A Tukey post-hoc test revealed that apocynin treatment
significantly decreased the number of LC3 puncta-positive cells in
fully kindled mice (p<0.05) (n=5). (J) A bar graph shows the
quantification of the hippocampal CA1 autophagosomal vacuoles in
the four groups of mice. A two-way ANOVA revealed a significant
main effect of PTZ kindling (F116=14.73, p=0.01) and apocynin
treatment (F11=8.91, p=0.009) on the the number of
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autophagosomal vacuoles and there was a significant interaction
between PTZ kindling and apocynin treatment (F;16=6.55,
p=0.021). A Tukey post-hoc test revealed that apocynin
significantly decreased the number of autophagosomal vacuoles in
fully kindled mice (p<0.01) (n=5). The values are the means =
S.E.M. *p<0.05, **p<0.01, two-way ANOVA. Scale bar=100 ym in

(C-D), 500 nmin (F, G).

Fig. 8. Pharmacological modulation of autophagy alters
PTZ-induced kindling development. (A) Mice received PTZ
injection alone or Chloroquine (CQ), Apocynin, Rapamycin 30min
before each PTZ injection once every other day for eleven total
injections. Mice showing more than three consecutive stage 4
seizures were considered to be fully kindled (Fs30=22.14, p<0.05,
CQ+PTZ vs PTZ; p<0.001, Apocynin+PTZ vs PTZ; p<0.001,
Rapamycin+PTZ vs PTZ) (n=8). The values are the means*
S.E.M. *p<0.05, **p<0.01 compared with PTZ-injection mice,
repeated measures ANOVA. (B-D) Bar graphs showing the
quantification of the protein carbonyl content (F;20=11.91, p<0.01,
CQ+PTZ vs PTZ; p<0.05, Rapamycin+tPTZ vs PTZ; p<0.05,
Apocynin+PTZ vs PTZ) and lipid peroxidation products of 4-HNE
(F320=8.94, p<0.01, CQ+PTZ vs PTZ; p<0.05, Rapamycin+PTZ vs
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PTZ; p<0.05, Apocynin+PTZ vs PTZ) and MDA (F30=3.80, p<0.05,
Rapamycin+PTZ vs PTZ) in the hippocampus of the PTZ, CQ+PTZ,
Apocynin+PTZ and Rapamycin+tPTZ mice. The values are the

means = S.E.M. *p<0.05, **p<0.01, two-way ANOVA.
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Figure 8
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Highlights

PTZ kindling enhanced autophagy level in hippocampal CA1
region

PTZ kindling induced hippocampal NADPH oxidase activation
PTZ kindling-induced oxidative stress is dependent on the
activation of NADPH oxidase

PTZ kindling induced mitochondrial ultrastructural damage in
hippocampal CAl region is dependent on the activation of
NADPH oxidase

PTZ kindling-induced hippocampal autophagy is dependent on

the activation of NADPH oxidase
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