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Abstract: Clasmatodendrosis (an autophagic astroglial degeneration) plays an important role in the
regulation of spontaneous seizure duration but not seizure frequency or behavioral seizure severity
in chronic epilepsy rats. Recently, it has been reported that N-acetylcysteine (NAC), a precursor to
glutathione (GSH), attenuates clasmatodendritic degeneration and shortens spontaneous seizure
duration in chronic epilepsy rats, although the underlying mechanisms of its anti-convulsive effects
are not fully understood. To elucidate this, the present study was designed to investigate whether
NAC affects astroglial glutamine synthase (GS) expression mediated by GSH peroxidase 1 (GPx1)
and/or peroxiredoxin 6 (Prdx6) in the epileptic hippocampus. As compared to control animals, GS
and GPx1 expressions were upregulated in reactive CA1 astrocytes of chronic epilepsy rats, while
their expressions were significantly decreased in clasmatodendritic CA1 astrocytes and reactive
astrocytes within the molecular layer of the dentate gyrus. Prdx6 expression was increased in reactive
CA1 astrocytes as well as clasmatodendritic CA1 astrocytes. In the molecular layer of the dentate
gyrus, Prdx6 expression levels were similar to those in control animals. NAC ameliorated clasmato-
dendrosis through the increment of GS and GPx1 expressions, while it abolished Prdx6 upregulation.
1-hexadecyl-3-(trifluoroethgl)-sn-glycerol-2 phosphomethanol (MJ33, a selective inhibitor of aiPLA2
activity of Prdx6) alleviated clasmatodendrosis by enhancing GPx1 and GS expressions in clasmato-
dendritic CA1 astrocytes without changing the Prdx6 level. NAC or MJ33 did not affect GS, GPx1
and Prdx6 expression in astrocytes within the molecular layer of the dentate gyrus. These findings
indicate that upregulated aiPLA2 activity of Prdx6 may abolish GPx1-mediated GS preservation and
lead to clasmatodendrosis in CA1 astrocytes, which would extend spontaneous seizure duration due
to impaired glutamate-glutamine conversion regulated by GS. Therefore, the present data suggest
that aiPLA2 activity of Prdx6 in astrocytes may be one of the upstream effectors of seizure duration
in the epileptic hippocampus.

Keywords: aiPLA2; autophagy; clasmatodendrosis; glutathione; GPx-1; GS; MJ33; NAC

1. Introduction

Epilepsy is a chronic neurological disorder characterized by the recurrence of sponta-
neous seizures due to aberrant paroxysmal neuronal discharges. Temporal lobe epilepsy
(TLE) is one of the most frequent and poorly responsive to antiepileptic drugs (AEDs),
which results in devastating effects on patients, such as cognitive impairment and anx-
iety disorders [1,2]. Astrocyte plays a fundamental role in regulating neuronal activity
and redox state in the brain [3]. Although astrocytes are invulnerable and activated in
response to various insults, Alzheimer first reported irreversible astroglial degeneration
characterized by extensive swollen cell bodies with vacuoles and disintegrated/beaded
processes, and are termed as “clasmatodendrosis” by Cajal [4,5]. Clasmatodendrosis is
caspase-independent (type II) programed astroglial death caused by excessive autophagic
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processing under various pathological conditions [6–9]. Although the underlying mecha-
nisms of clasmatodendrosis are not fully understood, the impaired bioenergetics and severe
intracellular acidosis lead to clasmatodendrosis [10–12].

Hydrogen peroxide (H2O2) is an inevitable by-product of mitochondrial respiration
under physiological conditions. Since H2O2 is a source of reactive oxygen species (ROS),
such as superoxide (O2

•−) and hydroxyl radical (OH•), that lead to oxidative stress, the
endogenous removal system of H2O2 is required for cell viability. Glutathione (GSH),
a glycine-cysteine-glutamate tripeptide, is a major antioxidant that directly scavenges
ROS in various cells. Cytosolic GSH peroxidase 1 (GPx1) and peroxiredoxin 6 (Prdx6)
are GSH-dependent peroxidases, which are components of the enzymatic antioxidative
defense system in the brain for maintaining the redox homeostasis of GSH [13,14]. GPx1 is
highly expressed in neurons and astrocytes [15,16], while Prdx6 is a unique nonselenium-
containing glutathione peroxidase (NSGPx), which acts as an acidic calcium-independent
phospholipase (aiPLA2) as well as GPx in astrocytes but not in neurons [17,18].

Glutamine synthase (GS) is an astroglial enzyme that converts glutamate to glutamine,
which regulates the glutamate-glutamine cycle between neurons and astrocytes. Thus,
GS plays an important role in the maintenance of appropriate glutamate concentration
in synapses, which prevents neuronal hyperexcitability and the subsequent excitotoxicity.
Since glutamate is one of the rate-limiting precursors for GSH in astrocytes, GS also affects
the GSH synthetic process [19–21]. Of interest, both GPx1 and Prdx6 prevent GS inactivation
induced by oxidative stress [22,23]. Therefore, it is likely that GPx1 and Prdx6 may play
an important role in the oxidative stress-induced neuronal excitability as well as redox
homeostasis by maintaining GS activity to catalyze glutamate to glutamine.

Astrocytes show the regional-specific proportions of GS expression in the hippocam-
pus of chronic epilepsy rats. Briefly, GS expression is strongly observed in reactive as-
trocytes within the stratum radiatum of the CA1 region (CA1 astrocytes). However, GS
expression was significantly reduced in astrocytes within the molecular layer of the dentate
gyrus. These different astroglial properties are related to the acquisition of the differen-
tial physiological properties of the epileptic hippocampus [24,25]. Recently, it has been
reported that decreased GSH levels result in GPx1 downregulation in clasmatodendritic
CA1 astrocytes and aberrant aiPLA2 activity of Prdx6 in reactive CA1 astrocytes, leading
to clasmatodendrosis [26,27]. Furthermore, inhibition of clasmatodendritic degeneration
by antioxidants, such as N-acetylcysteine (NAC, a glutathione precursor) and 2-cyano-
3,12-dioxo-oleana-1,9(11)-dien-28-oic acid methyl ester (CDDO-Me), shortens spontaneous
seizure duration in chronic epilepsy rats without affecting seizure frequency or behav-
ioral seizure severity [27,28]. Therefore, it is likely that GPx1 and/or Prdx6-mediated GS
regulation may regulate the duration of spontaneous seizures, which have been unreported.

Here, the present data demonstrate that GS and GPx1 expressions were upregulated in
reactive CA1 astrocytes of chronic epilepsy rats, as compared to control animals, while their
expressions were significantly decreased in clasmatodendritic CA1 astrocytes and reactive
astrocytes within the molecular layer of the dentate gyrus. Prdx6 expression was increased
in reactive CA1 astrocytes as well as clasmatodendritic CA1 astrocytes. In the molecular
layer of the dentate gyrus, Prdx6 expression levels were similar to those in control animals.
In the CA1 region, NAC ameliorated clasmatodendrosis through an increment of GS and
GPx1 expressions while abolishing Prdx6 upregulation. 1-hexadecyl-3-(trifluoroethgl)-
sn-glycerol-2 phosphomethanol (MJ33, a selective inhibitor of aiPLA2 activity of Prdx6)
alleviated clasmatodendrosis by enhancing GPx1 and GS expressions in CA1 astrocytes
without changing the Prdx6 level. In the molecular layer of the dentate gyrus, NAC or MJ33
did not affect GS, GPx1 and Prdx6 expression in astrocytes. To the best of our knowledge,
these findings indicate for the first time that the distinct capability of aiPLA2 activity in
Prdx6 may represent the differential properties of astrocytes in the epileptic hippocampus
in a regional-specific manner. In addition, the present study provides novel evidence that
enhancement of aiPLA2 activity of Prdx6 may abrogate GPx1-mediated GS preservation
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and lead to clasmatodendrosis in CA1 astrocytes, which would increase seizure duration
by inhibiting glutamate-glutamine conversion.

2. Materials and Methods
2.1. Experimental Animals and Chemicals

Seven-week-old male Sprague-Dawley (SD) rats (200–250 g) housed in standard
conditions (23–25 ◦C, 12 h light/dark cycle) with access to water and food ad libitum.
The experiments were conducted in compliance with the Institutional Animal Care and
Use Committee of Hallym University (Hallym 2021-30, approval date: 17 May 2021). All
reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), except as noted.

2.2. Generation of Chronic Epilepsy Rats

Rats received LiCl (127 mg/kg, i.p.) 1 day before pilocarpine injection (30 mg/kg, i.p.).
Twenty minutes before pilocarpine administration, atropine methylbromide (5 mg/kg i.p.)
was treated to inhibit the peripheral effect of pilocarpine. Two hours after status epilepticus
(SE) onset, diazepam (Valium; Hoffmann-la Roche, Neuilly-sur-Seine, France; 10 mg/kg,
i.p.) was given to cease convulsion and repeated as needed. Control animals received
saline. To detect spontaneous recurrent seizures indicating chronic epilepsy in rats, animals
were video-monitored 8 h a day for 2 weeks after SE [11,26–29].

2.3. Drug Trials

Chronic epileptic rats were implanted with a brain infusion needle (Alzet, Cupertino, CA,
USA) into the right lateral ventricle (coordinates: 1 mm posterior; 1.5 mm lateral; 3.5 mm depth)
under isoflurane anesthesia (3% induction, 1.5–2% for surgery, and 1.5% maintenance in a 65:35
mixture of N2O:O2), and connected with an Alzet 1007D osmotic pump (Alzet, Cupertino,
CA, USA) containing (1) vehicle and (2) MJ33 (50 µM). In some vehicle-infused animals, NAC
(70 mg/kg) was administered once a day by intraperitoneal (i.p.) over 7 days [26,27]. The
location of the needle was verified when the brain was sectioned.

2.4. Tissue Preparation and Immunohistochemistry

Seven days after surgery, rats were perfused with normal saline followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4) via the ascending aorta under
urethane anesthesia (1.5 g/kg, i.p.). The brains were cropped, postfixed with the same
fixative overnight, and cryoprotected with 30% sucrose overnight. Thereafter, 30-µm-thick
coronal sections were cut on a cryostat. Sections were incubated in blocking buffer (3%
bovine serum albumin in PBS) for 30 min, and subsequently reacted with a mixed solution
of primary antibodies (Table 1) overnight at room temperature. All antibodies were diluted
with PBS containing 0.3% Triton X-After washing, sections were incubated with appropriate
secondary antibodies conjugated with Brilliant Violet-421, Cy2- or Cy3-fluorescent dye
(Jackson Immuno Research Laboratories, West Grove, PA, USA). A negative control test
was performed with preimmune serum substituted for the primary antibody. The fluores-
cent intensity of each antibody was measured in the randomly selected 5 areas/animals
(300 µm2/area) in the stratum radiatum of the CA1 region and the molecular layer of the
dentate gyrus (5 sections from each animal, n = 7 in each group) with AxioVision Rel. 4.8
(Carl Zeiss Korea, Seoul, Republic of Korea) and ImageJ software. Fluorescent intensity
was normalized by setting the mean background. For quantification of clasmatodendritic
astrocytes (characterized by extensive swollen and vacuolized cell bodies), a cell count was
performed in areas of interest (1 × 104 µm2) of 10 sections per animal. GPx1, GS and Prdx6
fluorescent intensities were also measured in 2–3 reactive astrocytes or clasmatodendritic
astrocytes randomly collected in each rat [26,27].
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Table 1. Primary antibodies used in the present study.

Antigen Host Manufacturer (Catalog Number) Dilution Used

Prdx6 Sheep Biosensis (S-073-100) 1:1000

GS Mouse Millipore (#MAB302) 1:500

GPx1 Sheep Biosensis (S-072-100) 1:2000

GFAP Rabbit Millipore (#AB5804) 1:500

2.5. Data Analysis

To analyze the statistical significance of the data, Mann–Whitney test, Spearman
test and Kruskal–Wallis test were applied. A p-value less than 0.05 was considered to
be significant.

3. Results
3.1. GS and GPx1 Expressions Are Downregulated in Clasmatodendritic CA1 Astrocytes, But Not
Reactive CA1 Astrocytes

First, immunofluorescent studies using hippocampal tissues were performed to iden-
tify the cellular and regional alterations in GS and GPx1 expression. In chronic epilepsy
rats, GS expression was upregulated to 1.52-fold of the control level in the stratum ra-
diatum of the CA1 region of the hippocampus proper (Z = 3.134, p = 0.002, n = 7 rats,
respectively, Mann–Whitney test; Figure 1A,B). Consistent with a previous study [26], GPx1
expression was also increased to 1.55-fold of the control level in this region (Z = 3.130,
p = 0.002, n = 7 rats, respectively, Mann–Whitney test; Figure 1A,C). Although GS and
GPx1 expressions were enhanced in reactive astrocytes, GS expression in clasmatoden-
dritic astrocytes diminished 0.33-fold of the reactive astroglial level (Z = 5.347, p < 0.001,
n = 20 cells in 7 rats, respectively, Mann–Whitney test), concomitant with GPx1 downreg-
ulation (Z = 5.371, p < 0.001, n = 20 cells in seven rats, respectively, Mann–Whitney test;
Figure 1D,E). Thus, the astroglial GS expression showed a direct correlation with GPx1
expression (R = 0.772, p < 0.001, n = 40 cells in seven rats, Spearman test; Figure 1D,F).

Compatible with previous studies [24,25,27], reactive astrocytes in the molecular layer
of the dentate gyrus of chronic epilepsy rats showed a very low GS expression level as
compared to control animals (Z = 3.134, p = 0.002, n = 7 rats, respectively, Mann-Whitney test;
Figure 1A,B). GPx1 expression level was also lower than that observed in control animals (Z
= 3.137, p = 0.002, n = 7 rats, respectively, Mann–Whitney test; Figure 1A,C). These findings
indicate that the decreased GS expression may be relevant to GPx1 downregulation in
clasmatodendritic CA1 astrocytes.

3.2. Prdx6 Expression Is Increased in Both Reactive CA1 Astrocytes and Clasmatodendritic
CA1 Astrocytes

In a recent study [27], Prdx6 expression was increased in both reactive astrocytes as
well as clasmatodendritic astrocytes. Consistent with this report, Prdx6 expression was
increased in reactive astrocytes and clasmatodendritic astrocytes, showing GS downregula-
tion within the stratum radiatum of the CA1 region of the hippocampus proper (Z = 3.130,
p = 0.002, n = 7 rats, respectively, Mann–Whitney test; Figure 2A–C). Although GS expres-
sions were diminished in clasmatodendritic astrocytes (Z = 5.385, p < 0.001, n = 20 cells
in seven rats, respectively, Mann–Whitney test), there was no difference in Prdx6 expres-
sion between reactive astrocytes and clasmatodendritic astrocytes (Z = 1.042, p = 0.297,
n = 20 cells in seven rats, respectively, Mann–Whitney test; Figure 2D,E). In contrast to GPx1
expression, GS expression was inversely proportional to Prdx6 expression (R = −0.437,
p = 0.005, n = 40 cells in seven rats, Spearman test; Figure 2D,F). These findings indicate
that unlike in vitro model using Escherichia coli [22] Prdx6 upregulation may not prevent
GS inactivation but suppress GS expression.
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 Figure 1. Alteration in GS and GPx1 expressions in the rat hippocampus of chronic epilepsy rats. GS
expression is mainly observed in astrocytes (GFAP, an astroglial marker) under physiological conditions,
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while GPx1 is detected in CA1 pyramidal cells (CA1) as well as astrocytes. In chronic epilepsy
rats, both GS and GPx1 expression were increased in the stratum radiatum (SR) of the CA1 region
but diminished in the molecular layer (ML) of the dentate gyrus. These upregulations of GS and
GPx1 expression were clearly detected in reactive CA1 astrocytes, but not in clasmatodendritic
(vacuolized) CA1 astrocytes (arrows). (A) Representative photos of GFAP, GS and GPx1 expression
in the hippocampus. Bar = 250 µm. (B,C) Quantification of GS (B) and GPx1 (C) intensity in
the SR and the ML (* p < 0.05 vs. control animals; Mann–Whitney test; n = 7 rats, respectively).
(D) Representative photos of triple fluorescent staining of GFAP, GS and GPx1 expression in CA1
astrocytes of chronic epilepsy rats. Bar = 12.5 µm. (E) Quantification of GS and GPx1 intensity
in reactive and clasmatodendritic CA1 astrocytes of chronic epilepsy rats (* p < 0.05 vs. reactive
astrocytes; Mann–Whitney test; n = 20 cells in 7 rats, respectively). (F) Linear regression analysis
between GS and GPx1 expression in reactive and clasmatodendritic CA1 astrocytes of chronic epilepsy
rats (n = 40 cells in 7 rats, Spearman test).

In reactive astrocytes in the molecular layer of the dentate gyrus of chronic epilepsy rats,
Prdx6 expression level was similar to that in control animals (Z = 0.128, p = 0.898, n = 7 rats,
respectively, Mann–Whitney test), while GS expression was lower than that of control animals
(Z = 3.130, p = 0.002, n = 7 rats, respectively, Mann–Whitney test; Figure 2A–C).

3.3. NAC Enhances GS and GPx1 Expressions, But Reduces Prdx6 Level in Clasmatodendritic
CA1 Astrocytes

GSH deprivation leads to GPx1 downregulation and deteriorates clasmatodendritic
astrocytes. In addition, NAC protects astrocytes from clasmatodendritic degeneration
accompanied by GPx1 upregulation [26]. Since GPx1 plays a protective role in oxidative
stress-induced GS inactivation [23], the effect of NAC on GS expression in CA1 astrocytes
was explored.

NAC increased GS expression levels to 1.25-fold of vehicle-treated animal levels in
the stratum radiatum of the CA1 region of the hippocampus proper (Z = 2.689, p = 0.007,
n = 7 rats, respectively, Mann–Whitney test; Figure 3A,B). NAC slightly enhanced, but not
significantly, GPx1 expression in this region (Z = 1.853, p = 0.064, n = 7 rats, respectively,
Mann–Whitney test; Figure 3A,C). NAC did not influence GS and GPx1 expression in the
molecular layer of the dentate gyrus (Figure 3A–C). In vehicle-treated animals, the fraction
of clasmatodendritic astrocytes in total astrocytes was 23.6%. NAC decreased the fraction
of clasmatodendritic CA1 astrocytes to 10% (Z = 3.073, p = 0.002, n = 7 rats, respectively,
Mann–Whitney test; Figure 3D,E). NAC enhanced GS expression in reactive astrocytes and
clasmatodendritic (vacuolized) astrocytes (χ2

(3) = 57.225, p < 0.001, n = 20 cells in seven
rats, respectively, Kruskal–Wallis test; Figure 3D,F). NAC also increased GPx1 expression
in clasmatodendritic astrocytes (χ2

(3) = 57.948, p < 0.001, n = 20 cells in seven rats, re-
spectively, Kruskal–Wallis test), but not in reactive astrocytes (p = 0.178, Tukey post-hoc
test; Figure 3D,G). Thus, GS and GPx1 expressions showed a direct proportion (R = 0.814,
p < 0.001, n = 80 cells in 14 rats, Spearman test; Figure 3D,H).

Consistent with a previous study [27], NAC reduced Prdx6 level to 0.82-fold of vehicle-
treated animal levels in the stratum radiatum of the CA1 region of the hippocampus
proper (Z = 2.814, p = 0.005, n = 7 rats, respectively, Mann–Whitney test), concomitant
with enhanced GS expression (Z = 2.689, p = 0.007, n = 7 rats, respectively, Mann–Whitney
test; Figure 4A–C). NAC did not affect Prdx6 levels in the molecular layer of the dentate
gyrus (Figure 4A–C). Although NAC increased GS expression in reactive astrocytes and
clasmatodendritic astrocytes (χ2

(3) = 60.697, p < 0.001, n = 20 cells in seven rats, respectively,
Kruskal–Wallis test; Figure 4D,E), it diminished Prdx6 expression in clasmatodendritic
astrocytes as well as reactive astrocytes (χ2

(3) = 38.954, p < 0.001, n = 20 cells in seven
rats, respectively, Kruskal–Wallis test; Figure 4D,F). Therefore, GS and Prdx6 expressions
showed an inverse proportion (R = −0.475, p < 0.001, n = 80 cells in 14 rats, Spearman test;
Figure 4D,G).



Antioxidants 2023, 12, 156 7 of 17
Antioxidants 2023, 12, x  7 of 20 
 

 Figure 2. Alteration in GS and Prdx6 expressions in the rat hippocampus of chronic epilepsy rats.



Antioxidants 2023, 12, 156 8 of 17

Both GS and Prdx6 expression were mainly detected in astrocytes (GFAP, an astroglial marker)
under physiological conditions. In chronic epilepsy rats, Prdx6 expression is elevated in the stratum
radiatum (SR) of the CA1 region but unaltered in the molecular layer (ML) of the dentate gyrus. Prdx6
upregulation is observed in reactive CA1 astrocytes as well as clasmatodendritic (vacuolized) CA1
astrocytes (arrows). (A) Representative photos of GFAP, GS and Prdx6 expression in the hippocampus.
Bar = 250 µm. (B,C) Quantification of GS (B) and Prdx6 (C) intensity in the SR and the ML (* p < 0.05
vs. control animals; Mann–Whitney test; n = 7 rats, respectively). (D) Representative photos of triple
fluorescent staining of GFAP, GS and Prdx6 expression in CA1 astrocytes of chronic epilepsy rats.
Bar = 12.5 µm. (E) Quantification of GS and Prdx6 intensity in reactive and clasmatodendritic CA1
astrocytes of chronic epilepsy rats (* p < 0.05 vs. reactive astrocytes; Mann–Whitney test; n = 20 cells in
7 rats, respectively). (F) Linear regression analysis between GS and Prdx6 expression in reactive and
clasmatodendritic CA1 astrocytes of chronic epilepsy rats (n = 40 cells in seven rats, Spearman test).
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astrocytes in chronic epilepsy rats. As compared to a vehicle, NAC upregulates GS expression in
reactive astrocytes and clasmatodendritic astrocytes within the stratum radiatum (SR) of the CA1
region, while it enhances GPx1 expression only in clasmatodendritic (vacuolized) CA1 astrocytes
(arrows). NAC also attenuates clasmatodendrosis in CA1 astrocytes. However, NAC does not affect
GS and GPx1 expressions in the molecular layer (ML) of the dentate gyrus. (A) Representative
photos of GFAP, GS and GPx1 expression in the hippocampus. Bar = 250 µm. (B,C) Quantifica-
tion of GS (B) and GPx1 (C) intensity in the SR and the ML following NAC treatment (* p < 0.05
vs. control animals; Mann–Whitney test; n = 7 rats, respectively). (D) Representative photos of triple
fluorescent staining of GFAP, GS and Prdx6 expression in CA1 astrocytes of chronic epilepsy rats.
Bar = 12.5 µm. (E) Quantification of clasmatodendritic degeneration in CA1 astrocytes (* p < 0.05
vs. vehicle; Mann–Whitney test; n = 7 rats, respectively). (F,G) Quantification of GS (F) and GPx1
(G) intensity in reactive and clasmatodendritic CA1 astrocytes of chronic epilepsy rats following NAC
treatment (* p < 0.05 vs. reactive astrocytes; Mann–Whitney test; n = 20 cells in seven rats, respectively).
(H) Linear regression analysis between GS and GPx1 expression in reactive and clasmatoden-
dritic CA1 astrocytes of chronic epilepsy rats following NAC treatment (n = 80 cells in 14 rats,
Spearman test).

3.4. Inhibition of aiPLA2 Activity of Prdx6 Increases GS and GPx1 Expressions in
Clasmatodendritic CA1 Astrocytes without Affecting Prdx6 Levels

Prdx6 has aiPLA2 activity as well as GPx properties [18]. This aiPLA2 activity of Prdx6
is involved in cell damage [30,31]. Indeed, increased aiPLA2 activity of Prdx6 leads to
clasmatodendrosis in CA1 astrocytes [27]. Thus, it is likely that the aiPLA2 activity of Prdx6
would affect the downregulation of GS and GPx1 expression in clasmatodendritic CA1
astrocytes. To confirm this, MJ33 (a selective inhibitor of aiPLA2 activity of Prdx6) was
applied to chronic epilepsy rats.

MJ33 increased GS expression levels to 1.26-fold of vehicle-treated animal levels in
the stratum radiatum of the CA1 region of the hippocampus proper (Z = 3.07, p = 0.002,
n = 7 rats, respectively, Mann–Whitney test; Figure 5A,B), concomitant with GPx1 upregu-
lation (Z = 3.13, p = 0.002, n = 7 rats, respectively, Mann–Whitney test; Figure 5A,C). MJ33
did not influence GS and GPx1 expression in the molecular layer of the dentate gyrus
(Figure 5A–C). In vehicle-treated animals, the fraction of clasmatodendritic astrocytes in
total astrocytes was 22%. NAC decreased the fraction of clasmatodendritic CA1 astrocytes
to 6.57% (Z = 3.13, p = 0.002, n = 7 rats, respectively, Mann–Whitney test; Figure 5D,E). MJ33
increased GS (χ2

(3) = 59.709, p < 0.001, n = 20 cells in seven rats, respectively, Kruskal–Wallis
test; Figure 5D,F) and GPx1 expressions (χ2

(3) = 64.185, p < 0.001, n = 20 cells in seven rats,
respectively, Kruskal–Wallis test; Figure 5D,G) in clasmatodendritic astrocytes as well as
reactive astrocytes. Thus, GS and GPx1 expressions showed direct proportion (R = 0.852,
p < 0.001, n = 80 cells in 14 rats, Spearman test; Figure 5D,H).

Consistent with previous studies [27,32], MJ33 did not affect Prdx6 levels in the
stratum radiatum of the CA1 region of the hippocampus proper, while it enhanced GS
expression (Z = 3.07, p = 0.002, n = 7 rats, respectively, Mann–Whitney test; Figure 6A–C).
MJ33 did not influence Prdx6 expression in the molecular layer of the dentate gyrus
(Figure 6A–C). MJ33 enhanced GS expression in reactive- and clasmatodendritic CA1
astrocytes (χ2

(3) = 55.082, p < 0.001, n = 20 cells in seven rats, respectively, Kruskal–Wallis
test; Figure 6D,E) without altering Prdx6 expression (χ2

(3) = 1.233, p = 0.745, n = 20 cells in
seven rats, respectively, Kruskal–Wallis test; Figure 6D,F). Linear regression analysis of GS
and Prdx6 expression showed no correlation (R = 0.119, p = 0.293, n = 80 cells in 14 rats,
Spearman test; Figure 6D,G).
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Figure 4. Effects of NAC on GS and Prdx6 expressions and clasmatodendritic degeneration of
CA1 astrocytes in chronic epilepsy rats. As compared to a vehicle, NAC increases GS levels in
clasmatodendritic (vacuolized) astrocytes (arrows) within the stratum radiatum (SR) of the CA1
region, while decreasing astroglial Prdx6 levels in this region. NAC does not affect GS and Prdx6
expressions in the molecular layer (ML) of the dentate gyrus. (A) Representative photos of GFAP, GS
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and Prdx6 expression in the hippocampus. Bar = 250 µm. (B,C) Quantification of GS (B) and
Prdx6 (C) intensity in the SR and the ML following NAC treatment (* p < 0.05 vs. control animals;
Mann–Whitney test; n = 7 rats, respectively). (D) Representative photos of triple fluorescent staining
of GFAP, GS and Prdx6 expression in CA1 astrocytes of chronic epilepsy rats. Bar = 12.5 µm.
(E,F) Quantification of GS (E) and Prdx6 (F) intensity in reactive and clasmatodendritic CA1 astrocytes
of chronic epilepsy rats following NAC treatment (* p < 0.05 vs. reactive astrocytes; Mann–Whitney
test; n = 20 cells in seven rats, respectively). (G) Linear regression analysis between GS and Prdx6
expression in reactive and clasmatodendritic CA1 astrocytes of chronic epilepsy rats following NAC
treatment (n = 80 cells in 14 rats, Spearman test).
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astrocytes in chronic epilepsy rats. As compared to a vehicle, MJ33 upregulates both GS and GPx1
expression in reactive astrocytes and clasmatodendritic (vacuolized) astrocytes (arrows) within the
stratum radiatum (SR) of the CA1 region. NAC also ameliorates clasmatodendritic degeneration.
MJ33 does not change GS and GPx1 expressions in the molecular layer (ML) of the dentate gyrus.
(A) Representative photos of GFAP, GS and GPx1 expression in the hippocampus. Bar = 250 µm.
(B,C) Quantification of GS (B) and GPx1 (C) intensity in the SR and the ML following MJ33 treatment
(* p < 0.05 vs. control animals; Mann–Whitney test; n = 7 rats, respectively). (D) Representative
photos of triple fluorescent staining of GFAP, GS and Prdx6 expression in CA1 astrocytes of chronic
epilepsy rats. Bar = 12.5 µm. (E) Quantification of clasmatodendritic degeneration in CA1 astrocytes
(* p < 0.05 vs. vehicle; Mann–Whitney test; n = 7 rats, respectively). (F,G) Quantification of GS
(F) and GPx1 (G) intensity in reactive and clasmatodendritic CA1 astrocytes of chronic epilepsy rats
following MJ33 treatment (* p < 0.05 vs. reactive astrocytes; Mann–Whitney test; n = 20 cells in seven
rats, respectively). (H) Linear regression analysis between GS and GPx1 expression in reactive and
clasmatodendritic CA1 astrocytes of chronic epilepsy rats following MJ33 treatment (n = 80 cells in
14 rats, Spearman test).
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astrocytes in chronic epilepsy rats. As compared to a vehicle, MJ33 increases GS levels in reac-
tive astrocytes and clasmatodendritic (vacuolized) astrocytes (arrows) within the stratum radiatum
(SR) of the CA1 region, while it does not influence astroglial Prdx6 levels in this region. MJ33
does not influence GS and Prdx6 expressions in the molecular layer (ML) of the dentate gyrus.
(A) Representative photos of GFAP, GS and Prdx6 expression in the hippocampus. Bar = 250 µm.
(B,C) Quantification of GS (B) and Prdx6 (C) intensity in the SR and the ML following MJ33 treatment
(* p < 0.05 vs. control animals; Mann–Whitney test; n = 7 rats, respectively). (D) Representative
photos of triple fluorescent staining of GFAP, GS and Prdx6 expression in CA1 astrocytes of chronic
epilepsy rats. Bar = 12.5 µm. (E,F) Quantification of GS (E) and Prdx6 (F) intensity in reactive
and clasmatodendritic CA1 astrocytes of chronic epilepsy rats following MJ33 treatment (* p < 0.05
vs. reactive astrocytes; Mann–Whitney test; n = 20 cells in seven rats, respectively). (G) Linear regres-
sion analysis between GS and Prdx6 expression in reactive and clasmatodendritic CA1 astrocytes of
chronic epilepsy rats following MJ33 treatment (n = 80 cells in 14 rats, Spearman test).

4. Discussion

The novel findings in the present study are that the ROS-Prdx6-GPx1-GS axis in
CA1 astrocytes might be relevant to clasmatodendritic degeneration (autophagic astroglial
degeneration) and the increased seizure duration in chronic epilepsy rats by inhibiting
glutamate-glutamine conversion.

Although oxidative stress plays an important role in spontaneous seizure activity and
acquired epilepsy [27,28,33,34], the underlying mechanisms of antioxidant-induced regula-
tion of seizure activity are not fully understood. Oxidative stress induces clasmatodendrosis
that is lysosome-derived autophagic astroglial death. Indeed, vacuoles in clasmatodendritic
astrocytes are identified as lysosomal-associated membrane protein 1 (LAPM-1). Ultrastruc-
tural studies also confirmed that clasmatodendritic astrocytes showed autophagocytosis
and ubiquitin proteasome system (UPS)-mediated degeneration [6–9,11,12,26–28,35]. Re-
cently, it has been reported that oxidative stress induces specificity protein 1 (Sp1)-mediated
Prdx6 upregulation, which increases its aiPLA2 activity that dominates over GPx activity
in CA1 astrocytes, and results in clasmatodendrosis [27]. In addition, NAC-induced Prdx6
downregulation and MJ33-induced inhibition of its aiPLA2 activity shorten seizure duration
in chronic epilepsy rats [27]. Prdx6 is a GSH-dependent peroxidase and the major enzyme
for reduction in oxidized phospholipids. The aiPLA2 activity of Prdx6 is also relevant for
the repair of peroxidized cell membranes at physiological pH (pH 7), which is increased
by GSH [14,36]. Since Prdx6 abolishes an elevated intracellular Ca2+ concentration, which
suppresses necrosis and apoptosis in astrocytes [36], Prdx6 upregulation is one of the de-
fense mechanisms in astrocytes against oxidative damage [18,37–39]. However, Prdx6 is also
involved in the proinflammatory signals after stroke [40–43]. Furthermore, intracellular aci-
dosis leads to clasmatodendrosis and compels Prdx6 to act as aiPLA2 rather than GPx in the
cytoplasm, which elicits NADPH oxidase-mediated ROS formation [10,32,44]. Compatible
with a previous study [27], the present study reveals that NAC attenuates clasmatodendritic
degeneration by reducing Prdx6 expression. Furthermore, inhibition of aiPLA2 activity of
Prdx6 by MJ33 mitigated this autophagic astroglial death without altering Prdx6 expression.
Considering that Prdx6 supports optimal NADPH oxidase activity and the increased aiPLA2
activity of Prdx6 leads to NADPH oxidase-mediated oxidative stress [30,31,45,46], these
findings indicate that oxidative stress-induced Prdx6 activation as aiPLA2 may lead to
further oxidative stress in reactive astrocytes, which would elicit clasmatodendritic degener-
ation. Furthermore, the present data also demonstrate that both GS and GPx1 expressions
restored in vacuolized astrocytes by NAC or MJ33 treatment indicate that GS and GPx1
may prevent or delay clasmatodendritic degeneration from oxidative stress. Therefore, it
is plausible that Prdx6-mediated NADPH oxidase would result in clasmatodendrosis by
generating excessive ROS and subsequently diminishing GPx1-mediated GS preservation.
Adversely, GS or GPx1 downregulation would exert the increased Prdx6 expression in
clasmatodendritic astrocytes. However, Prdx6 is unaffected by GPx1 deficiency [47], while
the Prdx family gene expressions are relevant to GPx1 expression [48]. Therefore, the present
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data suggest that increased aiPLA2 activity of Prdx6 in the clasmatodendritic process may
elicit downregulation of GS and GPx1 expression.

Reactive astrocytes in distinct parts of the hippocampoentorhinal complex in chronic
epilepsy rats show different characteristics of GS expression. Reactive astrocytes in the
stratum radiatum of the CA1 region show GS upregulation, while in the dentate gyrus,
astrocytes contain very low GS expression. This different GS expression is an aspect of
the distinct astroglial capability for ictogenesis in the epileptic hippocampoentorhinal
complex [25]. In the present study, GS expression was upregulated in the stratum radiatum
of the CA1 region of the hippocampus proper in chronic epilepsy rats, while its expression
was markedly diminished in clasmatodendritic CA1 astrocytes. GS is required for the
conversion of glutamate and ammonia to glutamine in astrocytes. Thus, GS inhibition
causes the accumulation of glutamate and ammonia in astrocytes [49]. Since ammonia
contributes to ROS formation in astrocytes [50–52], it is presumed that downregulated GS
expression in clasmatodendritic astrocytes would facilitate excessive autophagic processes
due to ammonia-mediated ROS generation in astrocytes. In contrast, ammonia inhibits
autophagy by increasing the intracellular and lysosomal pH, independent of a GS-mediated
process [52]. Thus, it is also considerable that GS downregulation might be an adaptive
response to the inhibition of aiPLA2 activity of Prdx6 in clasmatodendritic astrocytes via
increased intracellular pH. If true, clasmatodendritic astrocytes would show strong GS
expression. However, the present data reveal that GS expression in clasmatodendrosis was
lower than that in reactive astrocytes. Therefore, it is likely that GS downregulation in
clasmatodendritic astrocytes may not be a cause, but a consequence of clasmatodendritic
degeneration induced by the aberrant activation of aiPLA2 properties of Prdx6.

Concomitant with diminished GS expression, the present data show GPx1 down-
regulation in clasmatodendritic CA1 astrocytes. Furthermore, NAC enhanced both GS
and GPx1 expressions in clasmatodendritic astrocytes in the stratum radiatum of the CA1
region of the hippocampus proper and attenuated clasmatodendritic degeneration. The
specific activity of GS is strongly diminished by H2O2 in astrocytes, which is protected
by GPx1 [23]. Therefore, decreased GS levels may be attributed to GPx1 downregulation
in clasmatodendritic astrocytes, which would increase glutamate concentration due to
impaired glutamate-glutamine conversion and, in turn, extend seizure duration.

In the present study, reactive astrocytes in the molecular layer of the dentate gyrus
showed very low GS and GPx1 expressions, while Prdx6 expression levels were similar to
those in control animals. Unlike the CA1 region, SE leads to massive astroglial apoptosis
in the molecular layer of the dentate gyrus [24,25,53,54]. This regional specific astroglial
apoptosis is independent of hemodynamics, indicating the distinct properties of astrocytes
in regional specific manners [53,54]. After massive astroglial loss, reactive astrocytes in the
molecular layer of the dentate gyrus are derived from newly generated astrocytes in the
subgranular zone, which show immature properties. Therefore, the present data indicate
that the altered GS, GPx1 and Prdx6 expressions in the molecular layer of the dentate
gyrus may be a consequence of astroglial apoptosis followed by gliogenesis rather than the
dedifferentiation of naïve astrocytes. In this region, furthermore, the expression levels of
GS, GPx1 and Prdx6 are unaffected by NAC and MJ33. These findings also represent the
acquisition of the differential properties of immature, newly generated astrocytes.

5. Conclusions

The present study reveals for the first time that aiPLA2 activity of Prdx6 diminished
GS and GPx1 expressions in response to oxidative stress, which exerted autophagic as-
troglial degeneration in the epileptic hippocampus. In addition, restoration of GS and
GPx1 expression by NAC or MJ33 attenuated or delayed clasmatodendritic degeneration.
Therefore, the present data suggest that inhibition of aiPLA2 activity by Prdx6 may be a
strategy to increase astroglial viability against oxidative stress, which would shorten the
duration of spontaneous seizures.
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