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Abstract Clasmatodendrosis is an irreversible astroglial
degenerative change, which includes extensive swelling
and vacuolization of cell bodies and disintegrated and
beaded processes. This study was designed to elucidate
whether clasmatodendrosis may be one of the autophagy-
related degeneration of astrocytes. In this study, clas-
matodendritic astrocytes were observed only in the stratum
radiatum in the CA1 region. Vacuoles in clasmatodendritic
astrocytes showed LAMP-1 immunoreactivity. In addition,
both LC3-II and Beclin-1 expression were detected in
most of clasmatodendritic astrocytes as well as a few non-
vacuolized astrocytes. Clasmatodendritic astrocytes also
showed p65/RelA-Ser529 phosphorylation in the nuclei.
The neutralization of TNF-o by sTNFpS55R infusion
reduced clasmatodendritic astrocytes with nuclear p65/
RelA-Ser529 phosphorylation. Therefore, these findings
suggest that clasmatodendrosis may be autophagic astrog-
lial death in response to epileptic seizures through TNF-o-
mediated p65/RelA-Ser529 phosphorylation.
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Introduction

Astrocytes play a role in maintenance of homeostasis in the
brain by regulating local ion concentrations, pH, and
clearance of neurotransmitters released into the synaptic
cleft (Eulenburg and Gomeza 2010). Furthermore, astro-
cytes release many neuroactive substances, such as chem-
ical transmitters, cytokines, neuropeptides, and growth
factors (Ben Achour and Pascual 2010; Theodosis et al.
2008). Xu et al. (2007) have reported that local application
of glutamate or GS inhibitors induced glutamate release
from astrocytes accompanied by an appearance of large
vesicles ex vivo. Thus, they suggest that increase in local
glutamate concentration may result in formation and exo-
cytotic fusion of glutamate-containing large vesicles in
astrocytes, which play a role in epileptic seizures. How-
ever, astroglial vacuolization may also be considered as
irreversible coagulative necrotic changes (Sugawara et al.
2002). This fundamental change of irreversibly injured
astrocytes was first report by Alzheimer in 1910, which
includes extensive swelling and vacuolization of cell bod-
ies and disintegrated and beaded processes, and termed
“clasmatodendrosis” by Cajal (Penfield 1928). This irre-
versible astroglial changes is directly relevant to dysfunc-
tion of these cells. Only a few reports on astroglial
clasmatodendrosis describe it as an acute astroglial
response because of energy failure and acidosis coupled to
mitochondrial inhibition in Alzheimer disease and brain
ischemia (Friede and van Houten 1961; Kraig and Chesler
1990; Hulse et al. 2001). In contrast to these previous
studies describing clasmatodendrosis as an acute phenom-
enon, we have found hypertrophic vacuolized astroglia in
the stratum radiatum of the CAl region within the rat
hippocampus only in the chronic epileptic state, but not
in the acute or latent period after status epilepticus (SE)
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(Kim et al. 2008). Furthermore, we have recently reported
that aquaporins (AQPs), water channels, were differently
expressed in vacuolized and non-vacuolized astroglia in the
hippocampus of chronic epileptic rats (Kim et al. 2009c¢),
and suggested that altered AQP expressions in astroglia
might play a role in inhibition of extracellular lactic aci-
dosis induced by repeated spontaneous seizures.

On the other hand, there are two major known routes for
clearance of aberrant components in eukaryotic cells: (i) the
ubiquitin—proteasomal pathway and (ii) the autophagy—
lysosomal pathway. The ubiquitin—proteasomal pathway is
responsible for degradation of short-lived proteins and has
been studied intensively during the past decades, including
in brain injury (Hu et al. 2000; Ciechanover 2006). The
autophagy pathway is an important catabolic process
involving the removal of long-lived proteins, and organelles
by a complex process involving numerous regulatory pro-
teins and the formation of double-membrane vesicles
known as autophagosomes, which ultimately fuse with
lysosomes for degradation of contents (Rami 2009).
Autophagy is involved not only in the balance between
protein synthesis and degradation but also in the execution
of cell death (Tsujimoto and Shimizu 2005). Autophagy
contributes to the mechanism of non-apoptotic programmed
cell death, which is known as autophagic cell death (Clarke
1990; Kitanaka and Kuchino 1999). Autophagy starts with
the formation of double-membraned cisternae that subse-
quently engulf cytoplasmic materials or whole organelles to
become double-membrane bubble-like vacuoles known as
autophagosomes (APs). After maturation, APs merge with
lysosomes for bulk degradation of the cargo contents
(Yorimitsu and Klionsky 2005). Hence, the appearance of
APs under transmission electron microscopy (EM) is a
morphologic hallmark unique to autophagy. Interestingly,
Tomimoto et al. (1997) reported that clasmatodendritic
astroglia included condensed chromatin, lysosomes, and
large membrane-bound osmiophilic cytoplasmic inclusions.
Thus, they suggested that clasmatodendritic astroglia
incorporate edema fluid and phagocytose cellular debris.
Recently, Takenouchi et al. (2009) reported that P2X7R
activation negatively regulated autophagic flux through the
impairment of lysosomal functions. Similarly, we have
reported that P2X7R antagonists, such as BBG and OxATP,
increased clasmatodendrosis (Kim et al. 2010b). With
respect to these previous reports, clasmatodendrosis may be
one of autophagy-related degeneration of astrocytes fol-
lowing SE. Although remarkable progress has been made in
pathophysiology, molecular events after SE are still
incompletely understood. This study was designed to elu-
cidate whether autophagy involves astroglial vacuolization
or clasmatodendrosis in the rat hippocampus following SE.
The present data show that clasmatodendrosis may be one
of the autophagic phenomenas in response to epileptic
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seizures through tumor necrotic factor-o. (TNF-o)-mediated
nuclear factor-kappa B (NF-xb) pathway.

Experimental Procedures
Experimental Animals

This study used the progeny of Sprague-Dawley (SD) rats
obtained from Experimental Animal Center, Hallym Uni-
versity, Chunchon, South Korea. The animals were pro-
vided with a commercial diet and water ad libitum under
controlled temperature, humidity, and lighting conditions
(22 £ 2°C, 55 &+ 5%, and a 12:12 light/dark cycle with
lights). Procedures involving animals and their care were
conducted in accord with our institutional guidelines that
comply with international laws and policies (NIH Guide
for the Care and Use of Laboratory Animals 1996).

Seizure Induction and Drug Treatments

Male SD rats (9-11-weeks old) were intraperitoneally
treated with pilocarpine (380 mg/kg, Sigma, St. Louis,
MO) at 20 min after intraperitoneal administration of
atropine methylbromide (5 mg/kg). Following pilocarpine
injection, animals showed acute behavioral features of
status epilepticus (including akinesia, facial automatisms,
limbic seizures consisting of forelimb clonus with rearing,
salivation, masticatory jaw movements, and falling).
Diazepam (10 mg/kg) was intraperitoneally administered
2 h after onset of SE and repeated, as needed. Age-matched
animals (n = 5) were used as normal control.

Intracerebroventricular Drug Infusion

Four weeks after SE, rats were divided into two groups
(n =7, respectively): Saline- or soluble TNF-o p55
receptor (STNFpS5R 50 pg/ml, Sigma)-treated animals.
The dosage of each compound was determined as the
highest dose that did not affect seizure threshold in the
preliminary study. Animals were anesthetized (Zolretil,
50 mg/kg, .M. Virbac Laboratories, France) and placed in
a stereotaxic frames. For the osmotic pump implantation,
holes were drilled through the skull for introducing a brain
infusion kit 1 (Alzet, USA) into the right lateral ventricle
(1 mm posterior; 1.5 mm lateral; —3.5-mm depth; flat skull
position with bregma as reference), according to the atlas
of Paxinos and Watson (1997). The infusion kit was sealed
with dental cement and connected to an osmotic pump
(1007D, Alzet, USA). The pump was placed in a subcu-
taneous pocket in the dorsal region. Animals received
0.5 pl/h of vehicle or compound for 2 weeks (Siuciak et al.
1996; Pencea et al. 2001; Kim et al. 2010a).
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Tissue Processing

Six weeks after SE, animals were perfused transcardially
with phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4)
under urethane anesthesia (1.5 g/kg, i.p.). The brains were
removed and postfixed in the same fixative for 4 h. The
brain tissues were cryoprotected by infiltration with 30%
sucrose overnight. Thereafter, the entire hippocampus was
frozen and sectioned with a cryostat at 30 um and con-
secutive sections were contained in six-well plates con-
taining PBS. For stereological study, every sixth section in
the series throughout the entire hippocampus was used in
some animals (Kim et al. 2008).

Immunohistochemistry

Sections were first incubated with 3% bovine serum albumin
in PBS for 30 min at room temperature. Brain tissues were
incubated in mixture of mouse anti-GFAP (diluted 1:200,
Chemicon, Temecula, CA, USA)/rabbit anti-LAMP-1 (dilu-
ted 1:100, Abcam, Cambridge, MA, USA), rabbit anti-EEA-1
(diluted 1:1,000, Calbiochem, San Diego, CA, USA), rabbit
anti-Beclin-1 (diluted 1:2,000, Abcam, Cambridge, MA,
USA), rabbit anti-LC3-II (diluted 1:200, Abgent, San Diego,
CA, USA), rabbit anti-NF-xB p65-Ser276 (diluted 1:100,
Abcam, Cambridge, MA, USA), rabbit anti- NF-kB p65-
Ser311 (diluted 1:100, Abcam, Cambridge, MA, USA), rabbit
anti- NF-xB p65-Ser529 (diluted 1:100, Abcam, Cambridge,
MA, USA), or rabbit anti-TNFp55R (diluted 1:1,000, Abcam,
Cambridge, MA, USA) antibody overnight at room temper-
ature. After washing three times for 10 min with PBS,
sections were also incubated in a mixture of FITC- or Cy3-
conjugated secondary antisera (diluted 1:200, Amersham, San
Francisco, CA, USA) for 1 h at room temperature. For nuclei
counterstaining, we used Vectashield mounting with DAPI
(Vector, Burlingame, CA, USA). For negative control, the rat
hippocampal tissues were incubated with only the secondary
antibody without primary antibody. All negative controls for
immunohistochemistry resulted in the absence of immuno-
reactivity in any structure (data not shown). All images were
captured using an Axiolmage M2 microscope and AxioVision
Rel. 4.8 software, or Bio-Rad MRC 1024 Confocal Micro-
scope System (Bio-Rad Laboratories, 2000 Alfred Nobel
Drive, Hercules, CA 94547, USA). Figures were mounted
with Adobe PhotoShop 7.0 (San Jose, CA). Manipulation of
the images was restricted to threshold and brightness adjust-
ments to the whole image (Kim et al. 2009a, b, c).

Stereology

The hippocampal volumes (V) were estimated according to
the formula based on the modified Cavalieri method:

V =2a X tyom X 1/ssf, where a is the area of the region
of the delineated subfield measured by AxioVision Rel. 4.8
software, f,om 1S the nominal section thickness (of 30 um in
this study), and ssf is the fraction of the sections sampled or
section sampling fraction (of 1/6 in this study). The sub-
field areas were delineated with a x2.5 objective lens. The
volumes are reported as mm°> (Bedi 1991; Madeira et al.
1995). The optical fractionator was used to estimate the
cell numbers. The optical fractionator (combination of
performing counting with the optical disector, with frac-
tionator sampling) is a stereological method based on a
properly designed systematic random sampling method
that by definition yields unbiased estimates of population
number. The sampling procedure is accomplished by
focusing through the depth of the tissue (the optical dis-
sector height, A; of 15 pm in all cases for this study). The
number of each cell type (C) in each of the subregions
is estimated as: C = XQ~ x t/h x 1/asf x 1/ssf, where
Q" is the number of cells actually counted in the dissectors
that fell within the sectional profiles of the subregion seen
on the sampled sections, and asf is the areal sampling
fraction calculated by the area of the counting frame of the
dissector, a(frame) (of 50 x 50 um2 in this study) and the
area associated with each x, y movement, grid (x, y step)
(of 250 x 250 umz in this study) {asf = [a(frame)/a(x, y
step)]}. Cells were counted with a x40 objective lens.
Cells were counted regardless the intensity of labeling. Cell
counts were performed by two different investigators who
were blind to the classification of tissues (Kim et al. 2008).

Quantification of Data and Statistical Analysis

All data obtained from the quantitative measurements were
analyzed using Student’s z-test to determine statistical
significance. Wilcoxon rank sum test was used for post-hoc
comparisons. A P-value less than 0.05 was considered
statistically significant (Kim et al. 2009a, b, c).

Results
Characterization of Clasmatodendrosis

Consistent with our previous studies (Kim et al. 2010a, b),
saline-infused animals showed vacuolization of astrocytes
only in the stratum radiatum in the CAl region at 6 weeks
after SE (Fig. 1a, b). Vacuolized astrocytes showed clas-
matodendrosis that is characterized by round-shaped edem-
atous cell body, short blunt processes, and GFAP tangles
in the cytoplasm and nuclear dissolution. Fibrous GFAP-
positive fragments surrounded these cells. In addition, vac-
uoles in clasmatodendritic astrocytes showed LAMP-1 immu-
noreactivity (Fig. 1a), not EEA-1immunoreactivity (Fig. 1b).
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Fig. 1 Clasmatodendorosisis autophagic astroglial death. (a) Vacuoles
in clasmatodendritic astrocytes show LAMP-1 immunoreactivity
(arrows). (b) Vacuoles in clasmatodendritic astrocytes do not contain
EEA-1 immunoreactivity (arrowheads). (¢) Beclin-1 immunoreactivity

Non-SE-induced animals did not show clasmatodendrosis or
reactive gliosis (data not shown). These findings reveal that
vacuoles in clasmatodendritic astrocytes are derived from
lysosomes, not early endosomes.

Autophagy is characterized by the formation of double-
membraned autophagosomes that fuse with lysosomes to
form autolysosomes. Autophagosome formation involves
the induction of LC3-II, a marker of early autophagy,
expression in autophagosomes (Gozuacik and Kimchi
2004; Codogno and Meijer 2005). In addition, Beclin-1, a
Bcl-2-interacting protein, is known to be a promoter of
autophagy (Aita et al. 1999, Liang et al. 1999, 2001).
Beclin-1 is essential for the formation of autophagosomes
(Kihara et al. 2001). Thus, analysis of beclin-1 and LC3-II
is the most used method to detect autophagosomes (Kabeya
et al. 2000). In this study, both LC3-II and Beclin-1
expression were detected in most of clasmatodendritic
astrocytes as well as a few non-vacuolized astrocytes
(Fig. 1c, d). These findings indicate that vacuoles in clas-
matodendritic astrocytes may be autolysosomes.

@ Springer

is observed in the cytoplasm of clasmatodenritic astrocytes (arrows).
(d) Vacuoles in clasmatodendritic astrocytes show LC3-II immunore-
activity (arrows). Bar = 12.5 um

p65/RelA-Ser529 NF-xB Phosphorylation
in Clasmatodendritic Astrocytes

Nivon et al. (2009) reported that p65/RelA nuclear factor-
kappa B (NF-xkB) subunit activates autophagy. With
respect to this previous study, it is likely that NF-xB sig-
nalling may involve in clasmatodendrosis. To confirm this
hypothesis, we performed immunohistochemical study for
five phospho-p65/RelA NF-xB antibodies. Among them,
only p65/RelA-Ser529 phosphorylation was observed in
the nuclei of clasmatodendritic astrocytes, which showed
watery nuclear dissolution (Fig. 2a—c). These findings
indicate that p65/RelA-Ser529 NF-xB phosphorylation
may activate autophagy in clasmatodendritic astrocytes.
TNF-u is expressed at low levels in the normal brain and it
is rapidly upregulated in glia, neurons, and endothelial cells
in various pathophysiological conditions, and induces
NF-kB phosphorylations (Sriram and O’Callaghan 2007).
Therefore, we confirmed the TNFp75 receptor expres-
sion in clasmatodendritic astrocytes. Expectedly, TNFp75
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p65-Ser276

p65-Ser311

p65-Ser529

Fig. 2 p65/RelA NF-xB phosphorylation and TNFp75 receptor expres-
sion in clasmatodendritic astrocytes. (a) p65/RelA-Ser276 NF-«xB
phosphorylation. (b) p65/RelA-Ser311 NF-xB phosphorylation.
(c) p65/RelA-Ser529 NF-kB phosphorylation. Only p65/RelA-Ser529

receptor expression was strongly observed in clasmato-
dendritic astrocytes (Fig. 2d). These findings indicate that
p65/RelA-Ser529 NF-xB phosphorylation may be medi-
ated by TNF-a.

Effects of sSTNFp55R on Clasmatodendrosis

To directly confirm the role of TNF-« in clasmatodendro-
sis, we performed the neutralization of TNF-a by
sTNFp5S5R infusion. In saline-infused animals, 51% of
astrocytes showed clasmatodendrosis in the stratum radia-
tum of the CAl region, accompanied by accumulation of
nuclear p65/RelA-Ser529 phosphorylation (Fig. 3a, c). In
STNFp55R-infused animals, 17% of astroglia showed
typical clasmatodendrosis with nuclear p65/RelA-Ser529
phosphorylation (Fig. 3b, ¢, P < 0.05 vs. saline-infused
animals). These findings indicate that TNF-« may induce
p65/RelA-Ser529 NF-xB phosphorylation resulting in
autophagic astroglial death (clasmatodendrosis).

NF-«B phosphorylation is observed in the watery nucleus of clasmato-
dendritic astrocytes (arrow). (d) TNFp75 receptor expression in
clasmatodendritic astrocytes (arrows). Bar =5 (¢) and 10 (a, b,
and d) pm

Discussion

We have recently reported that SE results in caspase-
3-independent/AIF-dependent apoptosis-like degeneration of
astrocytes in the molecular layer of rat dentate gyrus (Kang
et al. 2006; Kim et al. 2008, 2010b, c¢). SE also induces
astroglial death through severe vasogenic edema in the piri-
form cortex (Kim et al. 2010c). Although both the dentate
gyrus and the piriform cortex show acute astroglial loss in
responses to SE, the CA1 region shows clasmatodendrosis as
the chronic responses to SE (Kim et al. 2010b). Therefore, the
vulnerability of astrocytes to SE shows the regional-specific
manners like neurons. In addition, it is likely that the under-
lying mechanism of clasmatodendrosis is relevant to chronic
necrotic responses. Indeed, vacuolar degeneration is consid-
ered as early stage of necrosis, because these cells often show
necrotic features, such as eosinophilic cytoplasm, mitochon-
drial/nuclear membrane alterations, or TUNEL negativity
(Petito et al. 1990; Struys-Ponsar et al. 1994; Tomimoto et al.
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Fig. 3 Effect of sTNFp55R infusion on clasmatodendrosis (a, b). As
compared with saline-infusion (a, arrows), sTNFp55R infusion
reduces the fraction of clasmatodendritic astrocytes in total astrocytes,
and accumulation of nuclear p65/RelA-Ser529 phosphorylation

1997; Deloncle et al. 2001; Sugawara et al. 2002). Consistent
with these previous studies, we have also reported that clas-
matodendritic astrocytes in the CA1 region have edematous
eosinophilic cytoplasm and large-sized vacuoles at 6 weeks
after SE (Kim et al. 2010b). Autophagy is an intracellular
pathway that is activated in response to cell stress. It is a
phenomenon where the cytoplasmic organelles in the cell are
engulfed by double membrane vesicles called the auto-
phagosomes and delivered to the lysosomes where the
organelles are broken down by lysosomal proteases and the
amino acids recycled back into the cell machinery to aid cell
survival (Luo and Rubinsztein 2010). In addition, the auto-
phagic process leads to non-apoptotic programmed cell death,
which is known as autophagic cell death (Bursch et al. 1996;
Tsujimoto and Shimizu 2005). Indeed, the activation of
autophagy induced cell death in a myocardial ischemia and
reperfusion model (Matsui et al. 2008), and autophagy also
leads to autophagic cell death in a renal ischemia and reper-
fusion injury (Suzuki et al. 2008). In this study, clamsmato-
dendritic astrocytes contained autophagic markers (Beclin-1
and LC3-II). Beclin-1 is indicative of autophagy induction
that is essential for the formation of autophagosomes
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sTNFp55R

(b, arrows). Bar = 15 pm. (¢) The quantitative analysis of the
fraction of clasmatodendritic astrocytes in the total astrocytes
(mean + SEM). Significant differences from saline-infused animals,
*P < 0.05

(Kihara et al. 2001). In addition, LC3-II is found on the outer
and to a lesser extent the inner membrane of the double
membrane of the autophagosome. In this study, furthemrore,
vacuoles in clasmatodendritic astrocytes contained LAMP-1
immunoreactivity, not EEA-1 immunoreactivity. Further-
more, some vacuoles in clasmatodendritic astrocytes showed
LC3-II immunoreactivity. These findings indicate that vacu-
oles in clasmatodendritic astrocytes may be lysosomes, not
early endosomes, and that clasmatodendrosis may be typical
autophagic astroglial death.

p65/RelA NF-kB phosphorylation activates autophagy
(Nivon et al. 2009). In addition, TNF-a is one of inducer
for NF-«kB phosphorylations (Sriram and O’Callaghan
2007). However, little data are available to explain the
relationship between specific p65/RelA NF-xB subunit
phosphorylation and TNF-o in autophagy. In this study,
only p65/RelA-Ser529 phosphorylation was observed in
the nuclei of clasmatodendritic astrocytes (Fig. 2). Fur-
thermore, STNFpS55R infusion reduced clasmatodendrosis
accompanied by reduction in accumulation of nuclear p65/
RelA-Ser529 phosphorylation. p65/RelA-Ser529 NF-xB
subunit is phosphorylated by casein kinase II (CKII), and
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enhances nuclear transcriptional activity. Interestingly,
activation of P2X7 receptor (a purinergic receptor) atten-
uates clasmatodendrosis (Kim et al. 2010b), which reduces
the DNA-binding activity of NF-xB (Budagian et al. 2003).
Taken together, our findings indicate that TNF-¢ may be
one of inducers for autophagic astroglial death through
p65/RelA-Ser529 phosphorylation.

In conclusion, p65/RelA-Ser529 phosphorylation
induced by TNF-o plays important roles in clasmatodend-
rosis, an autophagic astroglial death.
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