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Abstract

Background: Influenza-associated encephalopathy (IAE) is one of the most serious CNS complications of an influenza virus
infection, with unclear pathophysiology. Clasmatodendrosis is a complex of morphological changes in astrocytes characterized
by fragmentation of the distal processes and swollen cell bodies. Although pathologists in Japan have long been aware of the pres-
ence of clasmatodendrosis in IAE brains, no details of the phenomenon have been published to date. We aimed to confirm the exis-
tence, and characterize the spatial distribution of clasmatodendrosis in postmortem IAE brains.

Methods: Autopsied brains from 7 patients with IAE and 8 non-IAE subjects were examined immunohistochemically. In addi-
tion, immunofluorescent staining and electron microscopy were performed.

Results: Clasmatodendrosis was present in all examined regions of the IAE brains, but none of the control brains. Fragmented
processes of astrocytes in IAE brains were closely adjacent to synapses on the dendritic spines, with the fragmentation especially
prominent in the cerebellar molecular layer. In addition, the clasmatodendrotic astrocytes were negative for autophagy markers.
Furthermore, whereas aquaporin 4 was predominantly detected in the perivascular endfeet of astrocytes in the control brains, its
primary localization site shifted to the fragmented perisynaptic processes in the IAE brains.

Conclusion: Clasmatodendrosis was distributed diffusely in the IAE brains in close association with synapses, and was not caused
by astrocyte autophagy. Clasmatodendrosis may be a suggestive pathological feature of IAE.
� 2018 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Influenza-associated encephalopathy (IAE) and
encephalitis are one of the most severe CNS complica-
tions of influenza infections [1,2]. In Japan, 100–350
cases of IAE are reported annually, with a mortality rate
as high as 20–30% before 2000 [3,4]. Until recently, IAE
had been reported almost exclusively in children from
Japan or other Asian countries, and rarely documented
in Western countries. However, during the worldwide
epidemic of the new H1N1 influenza strain in 2009, sev-
eral cases of IAE were reported globally and showed the
same clinical characteristics as those in Japan [5,6].
Recently, the IAE mortality rate has remarkably
decreased to 7% [7] because of progress in early-phase
intensive care; however, IAE survivors still experience
severe brain damage [8]. Although few postmortem
brain samples are available, their detailed pathological
investigation is required for the prevention and allevia-
tion of IAE.

Postmortem neuropathological examination of IAE
specimens revealed cerebral edema and the breakdown
of the blood-brain barrier (BBB) due to the destruction
of endothelial cells [3]. It is now widely accepted that the
virus itself rarely invades the CNS but, rather, induces
its central neurological effects indirectly, via proinflam-
matory cytokines such as interleukin-6 and tumor
necrosis factor-a [3,9]. However, the detailed sequence
of the pathophysiological events underlying IAE devel-
opment remains unclear.

Clasmatodendrosis refers to abnormal morphological
changes in astrocytes including the disintegration of the
distal processes, and the swelling and vacuolation of the
cell body [9]. Clasmatodendrosis has been reported to
occur in the white matter (WM) lesions in Alzheimer’s
and cerebrovascular diseases [10], periventricular zones
of patients with mixed dementia [11], corpus callosum
during chronic cerebral hypoperfusion in mice [12],
and hippocampuses of rats with experimental chronic
epilepsy [13]. It is common knowledge among Japanese
pathologists that clasmatodendrosis is also observable in
the WM of IAE patients, even though such astrocytic
changes have so far been documented only briefly in a
limited number of IAE case reports [14,15]. The spatial
distribution of clasmatodendrosis and its pathophysio-
logical significance remain to be clarified.

Severe IAE cases are classified, mostly based on clin-
ical signs and symptoms, into 3 categories: Reye’s syn-
drome, acute necrotizing encephalopathy (ANE), and
hemorrhagic shock and encephalopathy (HSE) syn-
drome [3]. It remains unclear whether clasmatodendro-
sis occurs in specific subtypes of IAE or is a feature of
any rapidly progressive IAE.

Recently, involvement of the autophagy-lysosome
pathway in clasmatodendrosis has been reported in rat
models of status epilepticus [16,17], while earlier reports
described clasmatodendrosis as coagulative necrotic cell
death [18,19]. However, autophagy in IAE-associated
clasmatodendrosis has not been explored yet.

Previous studies documented altered distributions of
aquaporin 4 (AQP4) in clasmatodendrosis in post-
stroke dementia [20] and an animal model of hypoperfu-
sion [12]. While the majority of AQP4 is localized in
astrocytic endfeet around the vessels and pia mater in
the normal brain, AQP4 is also present in perisynaptic
astrocytic processes, where it mediates activity-
dependent water fluxes from the synapse into the astro-
cyte [21]. The water is then siphoned into the blood or
cerebrospinal fluid through perivascular AQP4 [21].
No studies to date have examined AQP4 localization
in IAE brains.

In the present study, we investigated the morpholog-
ical changes in astrocytes and their spatial distribution
in the postmortem brains of IAE patients by immuno-
histochemistry and electron microscopy. We also com-
pared the localization of AQP4 in astrocytes between
IAE and control brains, and examined the expression
of autophagic markers in clasmatodendrotic astrocytes
in IAE. Our findings suggest that clasmatodendrosis
could be a highly suggestive pathological feature of IAE.

2. Materials and methods

2.1. Tissues

Human brain tissues were obtained from the Osaka
Medical Center and Research Institute for Maternal
and Child Health, Osaka General Medical Center,
Osaka City General Hospital, and Tokyo Metropolitan
Geriatric Hospital and Institute of Gerontology. The
brains of 7 IAE patients (died in 1989–2003) and 8 con-
trols (died in 1997–2009) were examined. The control
brains were from subjects who showed no clinical evi-
dence of IAE or other neurological involvement in the
cause of death or comorbidities. Among the 7 IAE
cases, the diagnosis in the 3 recent cases (‘‘influenza
#1, 2, and 5”) was confirmed by direct detection of influ-
enza virus antigen. In the older 4 cases (influenza #3, 4,
6, and 7), the diagnosis was based exclusively on the
clinical course and concurrence with an influenza epi-
demic. Subject details are listed in Table 1. The age of
the subjects with IAE and non-IAE controls ranged
from 21 months to 13 years (mean, 4.5 years), and from
2 months to 14 years (mean, 5.8 years), respectively. The
brains from all IAE subjects were heavy and showed
extensive diffuse edema. In contrast, only some control
subjects that died from bacterial encephalitis and
hemophagocytic syndrome had relatively heavy brains
with focal brain edema (Table 2). The mean brain
weight at autopsy was 1318 g (877–1669 g) in the IAE
group and 1023 g (460–1414 g) in the non-IAE group.
In all cases, autopsy was performed after written
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informed consent had been obtained from the parents.
This study was approved by the Institutional Review
Board of Osaka University Hospital.

2.2. Tissue processing

Tissues obtained at autopsy were immediately fixed in
10% formalin and further processed into paraffin blocks.
Five-micrometer-thick paraffin sections of the frontal
cortex and cerebellum were used for immunohistochem-
ical studies. In addition, tissue blocks were cut from the
formalin-fixed tissues from 2 IAE cases (influenza #1, 2)
and 2 control cases (control #1, 2), and sliced into 50-
lm-thick free-floating sections by a vibrating-blade
microtome (LEICA VT 1000s, Leica Microsystems
GmbH, Wetzler, Germany). Sections from influenza
case #1 were used after ascertaining that they contained
no tubers or areas of calcification.

2.3. Immunohistochemistry

The following primary antibodies were used: rabbit
polyclonal anti-cow glial fibrillary acidic protein
(GFAP; DAKO, Cambridgeshire, UK; diluted
1:1,000), mouse monoclonal anti-GFAP (Abcam, Cam-
bridge, MA, USA; diluted 1:2,000), mouse monoclonal
anti-microtubule-associated protein 2 (MAP2; Abcam;
diluted 1:1,000), mouse monoclonal anti-neurofilament
phosphorylated (SMI-31; Covance, Emeryville, CA,
USA; diluted 1:1,000), rabbit anti-synaptophysin
(SYP; Zymed Lab., San Francisco, CA, USA; diluted
1:200), rabbit polyclonal anti-p62/SQSTM1 (MBL,
Nagoya, Japan; diluted 1:500), rabbit anti-
microtubule-associated protein 1 light chain 3 (LC3;
MBL; diluted 1:500), mouse anti-CD68 (DAKO; diluted
1:100), and rabbit polyclonal anti-AQP4 (Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA; diluted
1:100).

Deparaffinized sections and floating sections were
preincubated with 0.3% H2O2 in methanol and micro-
waved in 10 mM citrate buffer (pH 6.0) for 60 min or
pretreated with 0.1% trypsin at 37 �C for 15 min for
antigen retrieval. Then the sections were sequentially
incubated in PBS containing 0.3% Triton X-100 and
5% normal goat serum, primary antibody, or biotiny-
lated secondary antibody (Vector Laboratories Inc.,
Burlingame, CA, USA; 2 lg/mL) with avidin and
biotinylated horseradish peroxidase macromolecular
complex (ABC; ABC kit, Vector Laboratories Inc.)
according to the manufacturer’s protocol. The staining
was visualized with 3,30-diaminobenzidine (DAB). The
specificity of immunostaining was confirmed by omit-
ting the primary antibody. The stained sections were
observed on a BX51 microscope equipped with a
DP50 digital camera (Olympus Co., Tokyo, Japan).



Table 2
Astroglial morphology and activation status in IAE and control brains.

Case No. Cause of Death Cerebrum
(Frontal Cortex)

Cerebellum Hippocampus Splenium of Corpus
Callosum

Thalamus

influenza #1 IAE (HSE) C C C C C
influenza #2 IAE (Rye) C C – – C
influenza #3 IAE (Rye) C C – – C
influenza #4 IAE (HSE) C C C – C
influenza #5 IAE (ANE) C C C – C
influenza #6 IAE (HSE) C C C – C
influenza #7 IAE (HSE) C C C – C
control #1 acute liver failure N N N N N
control #2 sudden death pulmonary hemorrhage N N – – N
control #3 myocarditis A A – – –
control #4 pulmonary hypertension N N N – N
control #5 sepsis A A A – A
control #6 bacterial encephalitis A A A – A
control #7 hemophagocytic syndrome A A – – –
control #8 hemophagocytic syndrome A A – – –

C, clasmatodendrosis; A, activated astrocytes without clasmatodendrosis; N, no activation of astrocytes or no clasmatodendrosis; –, not available/
examined. IAE, influenza-associated encephalopathy; HSE, hemorrhagic shock and encephalopathy; ANE, acute necrotizing encephalopathy.
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For double immunofluorescence (IF), after antigen
retrieval as described above, the sections were incubated
in 0.1% Sudan black B/70% ethanol at 22–24 �C for 20
min to block autofluorescence. The sections were then
incubated with polyclonal (for double IF with mono-
clonal anti-MAP2 or SMI31 antibody) or monoclonal
(for double IF with polyclonal anti-SYP or AQP4 anti-
body) anti-GFAP antibody at 4�C overnight, followed by
incubation with fluorescence-conjugated species-specific
goat secondary antibodies (Alexa Fluor 488; Molecular
Probes Inc., Eugene, OR, USA; 5 mg/mL) for 2 h at 22–
24 �C. After several rinses in PBS, the sections were
incubated with another primary antibody diluted in
PBS containing 0.2% Triton-X 100 and 5% normal goat
serum at 4 �C overnight, followed by incubation with
the appropriate fluorescent-dye-conjugated secondary
antibodies (Alexa Fluor 488, Alexa Fluor564; Molecular
Probes; 5 mg/mL) for 2 h at 22–24 �C. After incubation
with DAPI, the sections were mounted on slides and
coverslipped with VECTASHIELD Mounting Medium
(Vector Laboratories Inc.).

2.4. Confocal laser scanning microscopy

Confocal analysis was carried out using an LSM 510
META confocal laser scanning microscope (Carl Zeiss
MicroImaging GmbH, Jena, Germany) and the LSM5
software. For the double staining of GFAP and autop-
hagy markers, an LSM 710 and the ZEN software (Carl
Zeiss) were used. Confocal images were acquired
sequentially at 1 lm intervals through the z-axis of the
mounted sections using the z-stack procedure and mul-
titrack scanning function to avoid channel crosstalk.
Individual optical planes and stacks of serial optical sec-
tions (projection images) were digitally recorded, and 3-
dimensional (3D) images were reconstructed with the
LSM or ZEN software.

2.5. Electron microscopy (EM)

Cerebellar sections from an IAE specimen (influenza
#1) were used for EM studies. Unlabeled and GFAP-
immunolabeled sections were processed to epon blocks.
GFAP immunolabeling was performed using the ABC-
DAB method described above. Afterward, the sections
were fixed in 1% paraformaldehyde and 3% glutaralde-
hyde in 0.1 M phosphate buffer, postfixed in 1% osmium
tetroxide, stained with 1% uranyl acetate, and embedded
in Epon 812 (TAAB Laboratories Equipment Ltd.,
Berkshire, UK). After observation of semi-thin sections,
ultra-thin sections were cut from them, stained with lead
citrate, and observed under an H-7650 transmission
electron microscope (Hitachi High-Technologies Co.,
Tokyo, Japan).

3. Results

3.1. Clasmatodendrosis was observed in multiple regions
of all IAE brains

Immunostaining revealed that compared with the
control (Fig. 1a, b), GFAP immunoreactivity in the
IAE cerebrum and cerebellum (Fig. 1c–h) was markedly
increased, especially in the cerebellar granular cell layer
(GL; Fig. 1c), cerebellar WM, and cerebral WM
(Fig. 1d). Furthermore, the astrocytic cytology in the
IAE brains was highly unusual: the processes of
GFAP-reactive astrocytes were highly fragmented, hav-



Fig. 1. Representative pictures of clasmatodendrosis in influenza-
associated encephalopathy (IAE) brains. Glial fibrillary acidic protein
(GFAP) immunostaining in the cerebellar cortex (a) and frontal cortex
(b) of a non-IAE control brain and in the cerebellar cortex (c), frontal
cortex (d), thalamus (e), hippocampus (f), splenium of the corpus
callosum (g), and anterior commissure (h) of IAE brains. The swollen
and vacuolated cell bodies of astrocytes (d, inset; the arrow indicates a
vacuole, and arrowheads indicate the fragmented processes) in IAE
brains were prominent in the white matter (WM) of the frontal lobe
(d), corpus callosum (g), and anterior commissure (h); whereas the
beading patterns were prominent in the cerebellar molecular layer
(ML; b, arrowheads), cortico-medullary junction of the cerebrum (d,
arrowheads), thalamus (e), and hippocampus (f). In e–h, nuclei were
stained with Meyer’s hematoxylin. ML, molecular layer; GL, granular
layer; GM, gray matter; WM, white matter; PCL, pyramidal cell layer.
Scale bars = 100 lm (a, b), 20 lm (c–f, h), 10 lm (inset in d), and 50
lm (g).
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ing been transformed into strings of GFAP-positive
granules (‘‘strings of beads”) in the cerebellar molecular
layer (ML; arrowheads in Fig. 1c) and subcortical WM
of the frontal lobe (arrowheads in Fig. 1d) in all 7 IAE
brains. Most of these strings in the cerebellar ML were
oriented radially, perpendicular to the Purkinje cell layer
and cerebellar surface (arrowheads in Fig. 1c). The
GFAP-positive astrocytes in the cerebral WM were
swollen and vacuolated (arrow in the inset in Fig. 1d).
Such swollen and vacuolated astrocytic cell bodies,
together with their disintegrated processes, are the hall-
mark of clasmatodendrosis.
To investigate the distribution of clasmatodendrosis
in IAE brains, we also performed GFAP immunostain-
ing of other available brain regions, including the thala-
mus, hippocampus, and splenium of the corpus
callosum – structures in which radiographic changes
are frequently observed in IAE [1,3]. Variable degrees
of clasmatodendrosis were detected in all examined
regions (Fig. 1e–h); however, no signs of clasmatoden-
drosis could be detected in the corresponding regions
of the available control brains (Table 2). The string-of-
beads pattern of GFAP staining was especially promi-
nent in the thalamus (Fig. 1e) and ML of the hippocam-
pus (Fig. 1f).

3.2. Associations between GFAP-positive strings and

other cellular structures in the cerebellar ML in IAE

To investigate the associations of degenerating astro-
cytic processes with specific brain structures, double
immunohistochemistry staining of IAE brain sections
was performed. Using SMI31 antibody, which recog-
nizes phosphorylated neurofilaments as an axonal mar-
ker, we first examined the relationship between GFAP-
positive bead strings and axons. In the cerebellum,
SMI31 reactivity was observed in the deep ML running
tangentially to the Purkinje cell layer and cerebellar sur-
face, and perpendicular to the GFAP-positive strings
(Fig. 2a–c). However, no obvious pattern between the
SMI31- and GFAP-positive structures was detected
(Fig. 2d–f).

Next, we examined the relationship between GFAP-
positive bead strings and dendrites using MAP2 as a
dendrite marker. GFAP-positive granules in the cerebel-
lar ML of IAE brains appeared to co-localize with
MAP2 (arrowheads in Fig. 2i). However, when the 3D
images were rotated to demonstrate the fine positional
relationship between the 2 sources of immunofluores-
cence, the MAP2 stained regions did not completely
overlap with the GFAP stained regions (arrowheads in
Fig. 2l), suggesting that the proteins were closely adja-
cent to each other but not co-localized. Because previous
studies have revealed that MAP2 is localized in the den-
dritic spine as well as the dendritic shaft [22], the GFAP-
positive beads may cap the MAP2-positive dendritic
spines. In the cerebellar ML, the processes of Bergmann
glia run in parallel with the MAP2-positive dendrites of
Purkinje cells [22], ensheathing the dendritic spines [23].
In addition, the vertical growth of Purkinje cell den-
drites occurs primarily in alignment with the processes
of Bergmann glia [24], indicating that the GFAP-
positive bead strings observed in IAE cerebella likely
represent fragmented processes of Bergmann glia as
opposed to the dendritic spines of Purkinje cells.

Similar to MAP2, immunochemical staining for SYP,
a presynaptic marker, appeared to co-localize with
GFAP-positive strings (arrowheads in Fig. 2o), but



Fig. 2. Representative confocal images of double immunostaining for GFAP (green) and SMI31 (a–f), MAP2 (g–l), or SYP (m–r; all red) in the
cerebellar cortices of IAE brains. GFAP-positive granules were not associated clearly with SMI31-antibody-reactive axons (c, f). MAP2 appeared to
colocalize with GFAP-positive granules (arrowheads, i); however, when 3-dimensional reconstructed images were rotated and enhanced (j–l), the 2
signals did not overlap completely but, rather, were closely adjacent to each other (arrows, l). SYP-positive dots lay adjacent to GFAP-positive
granules (o, arrowheads) and partially merged with them when 3-dimensional reconstructions were rotated (p–r, arrowheads in r). Electron
micrographs (EM; s–v) of the cerebellar molecular layer in an IAE brain (influenza #1): s, GFAP-stained section; t, enlarged image of the boxed area
in s; u, non-stained section; v, enlarged image of the boxed area in u. The astrocytic processes (indicated by asterisks), ascertained by GFAP
immunolabeling, and the corresponding intermediate filaments were located adjacent to a synaptic structure (boxed in s,u and enlarged in t,v).
GFAP, glial fibrillary acidic protein; GL, granular layer; IAE, influenza-associated encephalopathy; MAP2, microtubule-associated protein 2; ML,
molecular layer; SYP, synaptophysin. Scale bars = 50 lm (a–c), 10 lm (d–r), 1 lm (s,u), and 0.2 lm (t,v).
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was shown by rotation of 3D-reconstructed confocal
images to be closely adjacent to, rather than completely
overlapping, the GFAP-positive granules (arrowheads
in Fig. 2r).

Next, we examined GFAP-positive astrocytic pro-
cesses in IAE cerebella at the ultrastructural level
(Fig. 2s–v). The cerebellum was chosen for further inves-
tigation because the string-of-beads pattern was most
easily and clearly identified in the cerebellar ML. In
GFAP-immunolabeled samples, the synapses (Fig. 2t,
inset in Fig. 2s) and the immunoreactive processes of
astrocytes (asterisk in Fig. 2s) were located adjacent to
each other. Routine EM revealed the postsynaptic den-
sity (Fig. 2v, inset in Fig. 2u) adjacent to GFAP-positive
astrocytic processes (asterisk in Fig. 2u), ruling out any
artifactual dense staining of synaptic membranes.
Although the EM samples were of poor quality, caused
by long-term preservation of the autopsied brain in for-
malin, these findings support the association of frag-
mented astrocytic processes with synapses on the
dendritic spines in the cerebellar ML of IAE brains. In
GFAP-positive astrocytes, no isolation membranes or
autophagosomes could be found, suggesting that autop-
hagic processes were not involved in astrocyte clasmato-
dendrosis in IAE.

3.3. Clasmatodendrotic astrocytes in IAE did not co-

localize with autophagy markers

Because previous reports have shown that clasmato-
dendrosis in rat models of status epilepticus represented
astrocytic cell death by autophagy [16,17], we performed
double IF staining with GFAP and autophagy markers
(LC3 and p62) of IAE brains (Fig. 3). While some neu-



Fig. 3. Representative confocal images of double immunostaining for GFAP and autophagy markers in IAE brains. In the cerebellum, both the
processes (‘‘strings of beads”) and cell bodies of clasmatodendrotic astrocytes were negative for LC3 (a–c) or p62 (g–i), while Purkinje cells
(arrowheads in b,h) were positive for these autophagic markers. In the transitional zone between the GM and WM in the cerebrum (d–f, j–l), GFAP-
positive astrocytes (arrowheads in d,j) were also negative for LC3 and p62 (arrowheads in f,l). GFAP, glial fibrillary acidic protein; GM, gray matter;
IAE, influenza-associated encephalopathy; WM, white matter. Scale bars = 50 lm.
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ronal somata, including those of Purkinje cells, in IAE
cerebella showed LC3 (arrowheads in Fig. 3b) and p62
(arrowheads in Fig. 3h) signals, neither the cell bodies
nor the beading processes of clasmatodendrotic astro-
cytes were positive for these markers (Fig. 3c,i). The
GFAP-positive clasmatodendrotic astrocytes near the
gray matter (GM)-WM border in the cerebrum (arrow-
heads in Fig. 3d,j) displayed no LC3 or p62 staining
(arrowheads in Fig. 3f,l), while some neuronal somata
in the GM were positive for these autophagic markers.
Together with the absence of autophagic signs in astro-
cytes on EM examination, these results indicate that,
unlike in status epilepticus, clasmatodendrosis in IAE
is unlikely to be associated with autophagic astrocyte
death.

3.4. Altered AQP4 distribution in IAE brains

The patterns of AQP4 immunoreactivity were differ-
ent between control and IAE brains. In the control
brains (Fig. 4a–c), intense AQP4 staining was present
exclusively in the perivascular endfeet but not in the
perisynaptic astrocytic processes. In contrast, in the
IAE brains, AQP4 immunoreactivity was prominent in
the clasmatodendrotic strings, but was decreased around
the blood vessels (Fig. 4d–f). The GFAP-positive bead



Fig. 4. Representative images of double immunostaining for GFAP
(green) and AQP4 (red) in the cerebra of control (a–c) and IAE (d–f)
brains. Blood vessels showed strong reactivity with antibody against
AQP4 in the control brain (b, arrows), but only weak AQP4 reactivity
in the IAE cerebrum (e, arrows). In addition, the beading processes of
astrocytes in the IAE brain were positive for AQP4, as was the
marginal areas of the astrocytic somata (e, arrowheads). AQP4,
aquaporin 4; GFAP, glial fibrillary acidic protein; IAE, influenza-
associated encephalopathy. Scale bars = 50 lm.
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strings were also positive for AQP4 (Fig. 4f). Thus, the
localization of AQP4 immunoreactivity appeared to
change from perivascular astrocytic endfeet in the nor-
mal brains to fragmented perisynaptic astrocytic pro-
cesses in the IAE brains.

3.5. Clasmatodendrosis in IAE brains was not associated

with microglia activation

Since microglia play a major role in the inflammatory
processes in the CNS, we performed immunostaining of
microglia in IAE samples using anti-CD68 antibody. A
wide variation in the degree of microglia activation and
their number was observed among the IAE samples
(data not shown), even though these samples showed
equal extents of clasmatodendrosis. Although inflamma-
tory cells had infiltrated into the meningeal regions in all
of the IAE samples, the parenchyma of some IAE brains
had few activated microglia, similar to the control
brains. In contrast, clasmatodendrosis was detected in
the parenchyma of all IAE brains, while being absent
from the control brains (data not shown).

4. Discussion

In this study, we investigated the postmortem brains
of 7 IAE patients and found clasmatodendrosis in all 7
brains. Clasmatodendrosis was present not only in the
cerebral WM, the only site reported previously [10],
but also in the cerebellum, thalamus, hippocampus,
and splenium of the corpus callosum, where radiological
changes are often found in different IAE subtypes [2,3].
The string-of-beads pattern of clasmatodendrosis was
most prominent in the cerebellar ML, while also being
present in other brain regions. This prominence was
likely related to the structure of the cerebellar ML,
where the astrocytes (i.e., Bergmann glia) cast long pro-
cesses in 1 direction, perpendicular to the cerebellar sur-
face, rather than reflecting selective involvement of the
cerebellum.

Clasmatodendrosis has been described as an acute
astrocytic reaction to energy failure and acidosis cou-
pled with mitochondrial dysfunction [13,19]. Kim et al.
showed that vacuolated astrocytes involved in clasmato-
dendrosis in the hippocampuses of epileptic rats were
TdT-mediated dUTP Nick-End Labeling (TUNEL)-
negative, whereas non-vacuolated astrocytes were
TUNEL-positive [13,19]. Therefore, clasmatodendrosis
has been considered to be an early stage of astrocyte
necrosis [19]. However, recent studies in rat models of
chronic status epilepticus have characterized clasmato-
dendrosis as resulting from autophagic astrocytic death
[16,17]. In the present study, clasmatodendrotic astro-
cytes were not only negative for autophagic markers in
immunofluorescence staining assays, but also lacking
signs of autophagy on EM, suggesting that the mecha-
nism of clasmatodendrosis in IAE is likely to be different
from that in status epilepticus. We also performed a
TUNEL assay on the IAE brains, and found that astro-
cytes undergoing clasmatodendrosis were TUNEL-
negative (data not shown). Thus, clasmatodendrosis in
IAE likely represents acute necrotic cell death of astro-
cytes. We could not detect necrosis in glial cells other
than astrocytes, while only focal necrosis of neurons
was observed. Further study is required to understand
why diffuse necrotic changes in IAE are specific to
astrocytes.

In our study, 2 of the 7 IAE cases (influenza #2 and
3) were diagnosed with Reye’s syndrome without a his-
tory of aspirin administration. One case (influenza #5)
showed obvious bilateral thalamic necrosis in both CT
and pathological findings, which is characteristic of
ANE. The other cases (influenza #1, 4, 6, and 7) were
diagnosed as, or suspected to be, HSE based on the
rapid clinical courses and laboratory data. It remains
unclear whether clasmatodendrosis occurs in specific
subtypes of IAE or is a feature of any rapidly progres-
sive IAE, which is accompanied by severe acidosis. A
case report recently described a case of rapidly progress-
ing IAE without clasmatodendrosis or other histopatho-
logical findings usually detected in IAE [25], suggesting
that the development of clasmatodendrosis does not
immediately follow IAE onset.

To investigate factors associated with clasmatoden-
drosis further, we included brain tissues from patients
who died of systemic inflammation diseases such as
hemophagocytic syndrome and septic shock, which are
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accompanied by hypercytokinemia and acidosis. These
control brain samples had no signs of clasmatodendrosis
in either the cerebrum or cerebellum. In addition, con-
trol patient #6, who died of suppurative
encephalomyelitis with focal microscopic abscesses, also
showed no clasmatodendrosis, whereas activated astro-
cytes were present. These results suggest that local brain
infection, systemic inflammation, and hypercytokinemia
are not sufficient to induce clasmatodendrosis. It is likely
that genetic vulnerability or other additional factors are
needed to develop IAE [26]. However, the exact mecha-
nism of IAE pathogenesis remains to be established.

Do astrocytic processes become fragmented ran-
domly or in response to extra- or intracellular cues?
Using single-cell cultures of hippocampal astrocytes
maintained under hyperglycemic and acidic conditions,
Hulse et al. [27] demonstrated that clasmatodendrosis
could occur without neuronal interaction. However,
we found that fragmented astrocytic processes corre-
sponded to synaptic complexes in vivo. It is possible that,
in the IAE brain, excess water and electrolytes tend to
accumulate at astrocytic processes near synapses, where
the neuron-astrocyte interaction is intensive, to maintain
normal transmission, which may induce selective frag-
mentation in the perisynaptic area.

AQP4, a key molecule for maintaining the water bal-
ance in the brain, is mainly expressed in the endfeet of
astrocytes around blood vessels (perivascularly) and is
thought to be a component of the BBB [28]. AQP4 is
expressed in astrocytic processes around synapses as
well [28]. Multiple studies have shown that AQP4 dys-
function or structural damage causes cytotoxic edema
[21,28]. Recent studies have also demonstrated that
AQP4 expression is downregulated in anoxia and
chronic epilepsy in rats, suggesting that decreased
AQP4 levels may play a protective role in brain edema
[13,19]. In addition, our study revealed that, while
perisynaptic astrocytic processes and somata showed
increased AQP4 expression, perivascular processes dis-
played decreased AQP4 levels in IAE-associated clasma-
todendrosis. Such displacement of AQP4 was also
reported in clasmatodendrosis in post-stroke dementia
[20] and an animal model of hypoperfusion [12]. The
breakdown of the astrocytic processes in IAE brains
may interrupt the siphoning of water taken up by
AQP4 at the synapse into the blood. One possible expla-
nation for the altered AQP4 distribution is that the
mechanisms keeping AQP4 concentrated and anchored
to the perivascular domains of astrocytes, such as the
one involving a-syntrophin [21,28], may become dys-
functional. Such dysfunction may impair the normal
synaptic transmission and trigger the development of
IAE. Alternatively, at an early phase, the increased
perisynaptic AQP4 levels may function to maintain
homeostasis in the synaptic complex while AQP4 scar-
city in the perivascular astrocytes alleviates brain edema.
This compensatory mechanism would break down at the
commencement of the fragmentation of astrocytic
processes.

The major limitation of our study is that the diagno-
sis of IAE was confirmed by direct detection of viral
antigen in only 3 of the 7 cases. Before the development
and spread of rapid testing methods to detect influenza
virus antigen around the year 2000, influenza infection
was mostly diagnosed by the presence of clinical symp-
toms and concurrence with an epidemic. The most reli-
able method to confirm the diagnosis of influenza
infection is to detect viral antigen by PCR; however, it
has not been applied to all suspected IAE cases, partic-
ularly in the early days. Our sample included patients
who died before the development of rapid testing meth-
ods, when viral detection was not routinely performed.
Another limitation of IAE studies, including ours, is
the small number of available samples. After the devel-
opment of anti-viral agents for influenza, the progress in
supportive care for IAE and the formulation of the
Guidelines for IAE by the Japanese Ministry of Health,
Labor, and Welfare in 2005 [29] have led to the drastic
decrease in the IAE mortality rate from approximately
30% to 7% [7]. The number of autopsied patients with
IAE has declined accordingly. Although this decrement
is a welcome development, it makes it more difficult to
investigate the neuropathology of new IAE cases. There-
fore, the results of the present study are all the more
valuable. However, the incidence of IAE has not
decreased, and even now, more than 10% of the affected
patients in Japan suffer sequelae such as quadriplegia
and psychoneurotic dysfunction [8], making detailed
investigations of the IAE pathology necessary for the
prevention and alleviation of IAE.

Another limitation of this study is that our control
group did not include cases of non-influenza acute
encephalopathy or influenza infection without acute
encephalopathy. Therefore, it remains unclear whether
influenza or acute encephalopathy causes the clasmato-
dendrotic changes in astrocytes in IAE brains. Our pre-
liminary search of the autopsy records at 2 institutes
revealed that clasmatodendrosis was present in18 autop-
sied brains, 17 of which were from patients with acute
encephalopathies, including 12 patients with IAE. Thus,
while clasmatodendrosis may occur in acute encephalo-
pathies caused by pathogens other than influenza, it is
detected most frequently in IAE brains, suggesting that
diffuse clasmatodendrosis may be a suggestive patholog-
ical feature of IAE.

In conclusion, this study demonstrated the presence
of clasmatodendrosis in most regions of IAE brains.
Clasmatodendrotic astrocyte processes appeared promi-
nently as GFAP-positive bead strings closely associated
with synapses. Furthermore, clasmatodendrosis in
astrocytes in IAE was not associated with autophagy.
We also demonstrated an altered AQP4 distribution in
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IAE brains and showed its relationship to clasmatoden-
drosis. Based on our results, we speculate that synaptic
dysfunction in IAE may result from the perturbation
of perisynaptic astrocytes. Further evidence on the
molecular mechanisms of clasmatodendrosis in IAE is
required to clarify the pathophysiology of IAE and
develop approaches to prevent the irreversible astrocytic
degeneration, thus improving patient outcomes.
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