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Fig.3 The percentage of the neurofilamentous inclusions occu-
pying the cytoplasm in each group. The intensity of proteasome
immunoreactivity with the proteasome antibody was classified
into three groups: (-), weaker than control level; (+), equivalent to
control level; and (++), greater than control level. The neurofila-
mentous inclusions were larger in the (-) group than in the (+) and
(++) groups.
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Fig. 4 Proteasome activities in spinal cord extracts from control
and aluminum-treated rabbits. The activity was significantly
increased in the aluminum-treated rabbits compared to the con-
trols (9.646 £ 0.186 vs. 7.510 £ 0.233 FU/min/ug).

neurofilamentous inclusions, in the spinal motor neurons
is a common finding in aluminum-treated rabbits 3781112
as well as in patients with amyotrophic lateral sclerosis.*®
In the present study, all experimental rabbits were killed on
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Fig.5 Western blot analyses of neurofilament-H protein degra-
dation. Incubation of the neurofilament-H protein without the
208 proteasome shows no degradation (a). The neurofilament-H
protein is clearly degraded by the 20S proteasome into a 180-kDa
band (b). The degradation is significantly inhibited by lactacystin
(c). (a) without 20S proteasome; (b) with 100 nm 20S proteasome;
(c) with 100 nm 20S proteasome plus 10 um lactacystin. MW,
molecular weight; NF, neurofilament.
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Fig. 6 Degradation of non-phosphorylated neurofilament-H
protein at various concentrations (0-100 nM) of the 20S protea-
some. The degradation of the neurofilament-H protein closely
correlates with the 20S proteasome concentration.

day 7 after the initial injection of aluminum, because pre-
vious reports suggested that animals exhibit some neuro-
logic symptoms such as muscle weakness and motor
disability within 7 days.*** Our histological study demon-
strated that spinal motor neurons from aluminum-treated
rabbits developed neurofilamentous inclusions in their
cytoplasm, dendrites, and proximal axons. These inclusions
showed argentophilia with a modified Bielschowsky stain
and intense immunostaining for SMI 31. Thus, we con-
firmed the occurrence of neurofilamentous inclusions
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consisting mainly of phosphorylated neurofilament-H
protein, as previously described in models of acute alumi-
num treatment.>”3!!

The mechanism underlying the accumulation and phos-
phorylation of the neurofilament protein is unclear in
aluminum-treated rabbits. Some investigators suggested
that aluminum modulates apoptosis and inhibits calcium-
mediated proteolysis of cytoskeletal proteins via several
mechanisms. Aluminum directly inhibits calpain, but only
at high concentrations."® Also, aluminum induces aggrega-

tion of the neurofilament-H and middle molecular neu-.

rofilament subunits to form complexes that are relatively
resistant to proteolysis. Like other issues, nerve cells
contain at least three different pathways for protein
breakdown: proteolysis by lysosomal proteases such as
cathepsins, proteolysis by non-lysosomal intracellular
calcium-dependent proteases such as calpain, and pro-
teolysis by non-lysosomal ATP-ubiquitin-dependent pro-
teolytic proteases that function as multicatalytic protease
complexes (proteasomes).’! These intracellular proteases
are thought to participate in the pathogenesis of
aluminum-induced neuropathology. Indeed, cathepsin D
and calpain activities are increased in the spinal cord and
brain after aluminum exposure®* and neurofilament
proteins are degraded by these proteases.®*** Nixon et al.’
demonstrated that aluminum inhibits calpain-mediated
proteolysis of neurofilament proteins, suggesting that
inhibition of the process might induce the abnormal
accumulation of phosphorylated neurofilament proteins.
Despite involvement in the majority of intracellular
proteolyses, the role of proteasome has not been
examined in aluminum-treated rabbits. A previous re-
port suggested that the proteasome inhibitors lactcy-
stin and N-carboxbenzoxy-leucyl-leucyl-leucinel induce
the perikaryal accumulation of phosphorylated neurofila-
ments and increase apoptosis-specific protein in vitro.»
Two proteasome forms have been identified: the 26S
proteasome, which degrades ubiquitin-conjugated pro-
teins, and the 20S proteasome, which degrades various
abnormal proteins in a ubiquitin-independent as well as a
ubiquitin-dependent manner.'3*® Recent studies reported
that various proteins, such as tau protein, amyloid precur-
sor protein, and o-synuclein are degraded by the 20S
proteasome in a ubiquitin-independent as well as
ubiquitin-dependent manner.?** These studies suggested
that proteasome inhibition might be related to various neu-
rodegenerative disorders. Proteasomes are ubiquitously,
but not homogeneously, distributed in the normal rat
central nervous system, and are especially abundant in
spinal motor neurons and pyramidal cortical neurons.® In
the present study, immunohistochemistry revealed that the
intensity of the 20S proteasome immunoreactivity was sig-
nificantly increased in the spinal motor neurons from
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aluminum-treated rabbits as compared with controls. Pro-
teasome activity was also significantly increased in lumbar
spinal cord extract from the aluminum-treated rabbits as
compared with that in controls. Furthermore, the area and
intensity of immunoreaction for 20S proteasome were sub-
sequently decreased with enlargement of SMI 31 positive
inclusion, suggesting that 20S proteasome decreases with
abnormal aggregation of phosphorylated neurofilament
in the cytoplasm of spinal motor neurons. Namely, the
immunoreactivity for 20S proteasome was significantly
decreased in the cytoplasm of neurons with large phospho-
rylated neurofilament inclusion than in that with small
sized inclusion or without inclusion. Therefore, the massive
neurofilament aggregation may be the result of decreased
20S proteasome activity somehow caused through alumi-
num intoxication. It may be that the decreased immun-
ostaining of 20S proteasome in large inclusion are due to
aggregation and insolubility of neurofilament in the cyto-
plasm of motor neurons.

In vitro study of the degradation of neurofilament-H
protein using Western blot first revealed that the 20S
proteasome time- and dose-dependently degraded the
neurofilament-H proteins, such as calpain and cathepsin.
This finding suggests that the 20S proteasome mediates
proteolysis of the non-phosphorylated neurofilamentous
proteins. It is unclear whether or not 20S proteasome also
degrades the phosphorylated neurofilament such as
calpain.

In the present study, our immunohistochemistry
revealed that neuronal cytoplasmic regions positive for
SMI 31 and S20 proteasomes were segregated from each
other, even in the neurons with small neurofilamentous
inclusions. Small sized SMI 31 positive inclusions were
exclusively in the periphery of cytoplasm, and occupied in
large parts of cytoplasm with enlargement. This finding
suggests that intracellular phosphorylated neurofilaments
are formed first in the periphery of cytoplasm in the earlier
stage of aluminum intoxication.

Our results suggest that proteasomes may be involved
in neurofilament protein turnover and prevent the aggre-
gation of neurofilament proteins. Proteasome activity was
significantly increased in lumbar spinal cord extracts from
the aluminum-treated rabbits as compared with controls as
a whole. The increase of the proteasome activity may indi-
cate a reactive induction of proteasome for aluminum
intoxication, or an up-regulation following the aggregation
of neurofilament proteins. However, immunoreactivity for
20S proteasome was decreased in the motor neuron with
large intracellular phosphorylated neurofilaments as com-
pared with that in small inclusions. Accordingly, the
decreased proteasome immunoreactivity may be explained
by the loss of protease activity or the over-aggregation and
insolubility of neurofilament protein in the enlarged
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neurons. The results led us to the following hypothesis:
aluminum induces the aggregation of phosphorylated neu-
roftlaments, probably inhibiting dephosphorylation of neu-
rofilaments,’ despite the lack of inhibition of proteasome
activity. And the massive neurofilament might be a result
of decreased 20S proteasome activity through aluminum
intoxication. .

Furthermore, proteasome activation suggests that
proteasomes, as well as calpain and cathepsin, might have
a role in intracellular proteolysis, especially in the earlier
stages of nerve cell degeneration in aluminum-treated
rabbits.
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Abstract
Background: ADAM (a disintegrin and metalloprotease)
family members, characterized by a metalloprotease and a
disintegrin domain, are membrane-anchored glycoproteins
involved in proteolysis and cell adhesion. ADAM8 might have
animportant role in allergic inflammation. It can cleave a va-
riety of substrates and is a sheddase for VCAM-1 and CD23,
the low-affinity IgE receptors. Methods: To evaluate the con-
tribution of ADAM8 to the pathogenesis of eosinophilic
pneumonia (EP), we measured the concentrations of soluble
ADAM8 (sADAMS) and its substrates, soluble VCAM-1
{sVCAM-1) and soluble CD23 (sCD23), in bronchoalveolar la-
vage fluid from patients with smoking-induced acute eosin-
ophilic pneumonia (AEP), chronic idiopathic eosinophilic
pneumonia {CEP), and drug-induced eosinophilic pneumo-
nia (drug-EP). Results: The sSADAM8 and sVCAM-1 concentra-
tions were increased in AEP and CEP. The sCD23 concentra-
tion was elevated in AEP. In AEP, but not CEP, the sADAMS8
concentration significantly correlated with those of both
sVCAM and sCD23. Conclusion: The pathogenesis of AEP,
CEP, and drug-EP was distinct with regard to ADAMS. Our re-
sults are the first to associate ADAM8 with eosinophilic re-
sponses and lung inflammation in humans.

Copyright © 2007 S. Karger AG, Basel

Introduction

Eosinophilic pneumonia (EP) is defined as pulmonary
infiltration of eosinophils independent of peripheral
blood eosinophilia. This pulmonary disorder includes
clinically different types of EP, such as acute idiopathic
eosinophilic pneumonia (AEP), chronic idiopathic eosin-
ophilic pneumonia (CEP), and drug-induced eosinophil-
ic pneumonia (drug-EP). Although there are a few re-
ports comparing the clinical characteristics of these dif-
ferent forms of EP [1-4], there are no reports that describe
the pathogenesis of these different forms.

ADAM family members are implicated to be involved
in the proteolytic processing of membrane-bound pre-
cursors, and they modulate cell-cell and cell-matrix in-
teractions. ADAMS has metalloprotease activity in vitro
and catalyzes VCAM-1 and CD23, the low-affinity IgE
receptor [5, 6]. VCAM-1, a member of the immunoglobu-
lin supergene family of adhesion molecules, is important
for eosinophil recruitment in allergic disorders [7, 8].
CD23 has an important role in the modulation of allergic
pulmonary inflammation, likely mediated by negative
signaling [9, 10]. To our knowledge, there are no reports
that describe the roles of VCAM-1 or CD23 in EP, al-
though both molecules have an important role in allergic
inflammation.

ADAMS (also called CD156a) is specifically induced
in experimental asthma and is highly expressed in hu-
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Table 1. Patient details

Case Sex (male/ Age Total cells Eosinophils Lymphocytes  Macrophages CD4/8
female) years X 10° cells/ml % % %

AEP (n = 10) 8/2 18.7+0.73 6.73+1.23 55.40+5.99 18.51+3.66 19.09+£3.33 2.23+045
CEP (n=10) 3/7 60.4+5.68 9.48£2.85 50.98 +8.09 10.77 £ 5.44 33.57+6.70 2.05%0.14
Drug-EP (n=7) 3/4 64.0+7.30 5.74+2.46 31.37%£2.65 19.53+4.92 37.60x7.77 1.11+0.35
IPF (n = 10) 713 61.5+2.11 3.21%0.41 283+1.11 13.96+6.33 76.23*6.92 2.72%0.68
Sar (n = 10) 4/6 552%290 2.82+0.48 181+1.74 20.16+7.72 77.10+9.07 6.99+1.89
HV (n=10) 8/2 26.6 £0.97 1.58 £0.30 0.7*0.45 395+0.92 94.16 +1.41 2.05+045

Data are expressed as mean £ SEM.

man eosinophils [10, 11]. We previously reported that
soluble ADAMS8 (sADAMS) significantly inhibits experi-
mental asthma [12]. In the present study, we extend our
earlier study by measuring sADAMS, soluble VCAM-1
(sVCAM-1), and soluble CD23 (sCD23) in bronchoalveo-
lar lavage fluid (BALF) in EP. The findings reported in the
present study are the first to demonstrate that sSADAMS8
is increased in eosinophilic inflammation in humans.

Methods

Patients

Patients’ backgrounds are summarized in table 1. The 26 pa-
tients with EP (10 patients with smoking-induced AEP, 10 patients
with CEP, and 6 patients with drug-EP) were diagnosed at the Oita
University Faculty of Medicine Hospital and related hospitals from
1999 to 2004. Pulmonary eosinophilia was detected by bronchoal-
veolar lavage (BAL) and transbronchial lung biopsy specimens.
AEP was diagnosed according to the criteria described by Allen et
al. [13]. Most patients with AEP showed spontaneous improve-
ment, although 2 patients required corticosteroid therapy for a few
days. The diagnosis of CEP was made based on the diagnostic cri-
teria of CEP described by Carrington et al. [14]. All patients were
treated with corticosteroids. The patients with drug-EP satisfied
the following diagnostic criteria: fever or some respiratory symp-
toms, diffuse pulmonary infiltrates on chest X-ray films, increased
percentage of eosinophils in BALF, prompt improvement after ces-
sation of the causative drug, absence of other possible causes, pos-
itive reaction in lymphocyte stimulation assays, or recurrence of
the symptoms with drug challenge. We also studied a control group
of 30 patients with noneosinophilic lung disease: 10 patients with
idiopathic pulmonary fibrosis (IPF), 10 patients with sarcoidosis
(Sar) and 10 healthy volunteers (HV). The patients with usual in-
terstitial pneumonia associated with collagen vascular diseases
were excluded in this study. In all 10 IPF cases, the diagnosis was
pathologically confirmed as usual interstitial pneumonia. Sar was
diagnosed on the basis of typical clinical features and the presence
of epithelioid cell granulomas in biopsy specimens from the lung,
skin, or lymph nodes. All tests were performed in the context of
routine medical care of the patients. None of the patients was treat-

286 Int Arch Allergy Immunol 2007;142:285-290

ed with glucocorticoids before BAL procedures were completed.
Written informed consent was provided by the HV.

Bronchoalveolar Lavage

BAL was performed as described previously [15] in an affected
lung segment using three 50-ml aliquots of saline solution. The
differential cell count was determined by cytocentrifugation fol-
lowed by Wright staining. Fluid samples were processed immedi-
ately for cytological and microbiological analysis. No organism
was cultured from the BAL culture. Cytology was negative for
malignant cells. '

Determination of sSADAMS8, sVCAM-1 and sCD23 in BALF

sADAMS, sVCAM-1 and sCD23 concentrations in BALF were
measured using a commercially available enzyme-linked immu-
nosorbent assay (ELISA) kit according to the manufacturer’s pro-
tocol. A Quantikine kit from R&D Systems (Minneapolis, Minn.,
USA) was used to quantify sSADAMS. An immunoassay kit
from Biosource (Camarillo, Calif., USA) was used to quantify
sVCAM-1. A human sCD23 ELISA kit (Bender MedSystems,
Vienna, Austria) was used to quantify CD23. The minimal detect-
able levels were 5.27 pg/ml (sSADAMS), 0.5 ng/ml (sVCAM-1),and
6.8 U/ml (sCD23).

Statistics

The Kruskall-Wallis test was used to compare values between
groups. In case of a significant difference between groups, data
were analyzed by the Mann-Whitney U test. Correlation coeffi-
cients were determined by Pearson’s linear regression analysis be-
tween SADAMS, sVCAM-1 and sCD23. Correlation coefficients
between serial changes in ADAMS concentration and the delay in
obtaining BAL after the clinical onset were determined by Spear-
man’s method. A difference was considered significant when the
p value was less than 0.05.

Results

SADAMS, sVCAM-1 and sCD23 Concentration in

BALF from Various Diffuse Lung Diseases

sADAMS, sVCAM-1 and sCD23 concentrations were
measured by ELISA. They were not significantly elevated
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Ito/Kumamoto/Higuchi
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in noneosinophilic conditions, such as IPF and Sar (data
not shown). The sADAMS concentrations were signifi-
cantly elevated in AEP (p < 0.01) and CEP (p < 0.05),
when compared to HV (fig. 1a). There was no significant
difference in BALF ADAMS concentrations between dif-
ferent types of EP (fig. 1a). The sVCAM-1 concentrations
were significantly elevated in AEP (p < 0.05) and CEP
(p < 0.05), when compared to HV (fig. 1b). There was no
significant difference in BALF VCAM-1 concentrations
between different types of EP (fig. 1b). The CD23 concen-
trations were significantly elevated in AEP alone (p <
0.05; fig. 1c). sCD23 in the BALF were significantly ele-
vated in AEP when compared to IPF, Sar and HV (p <

Soluble ADAMS in Eosinophilic
Pneumonia

DGO < S UEIF: 4N U S S

e

0.05) (data not shown). In addition, there was a signifi-
cant difference in BALF CD23 concentration between
AEP and drug-EP (p < 0.05; fig. 1c). BALF sADAMS,
sVCAM-1 and sCD23 concentrations were not signifi-
cantly elevated in drug-EP.

Relationship between sADAMS, sVCAM-1 and sCD23
in BALF :

There was significant correlation between sADAMS
and sVCAM-1 concentrations in the BALF from AEP
(p < 0.05; fig. 2a), but not from CEP (fig. 2b), although
sADAMS8 and sVCAM-1 concentrations were signifi-
cantly elevated in both AEP and CEP. There was also a

Int Arch Allergy Immunol 2007;142:285-290 287
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obtaining BAL after clinical onset of AEP (p < 0.05).

significant correlation between the BALF sADAMS and
sCD23 concentrations from AEP (p < 0.05; fig. 3a), but
not from CEP (fig. 3b). These results suggest that ADAMS
was the main sheddase for VCAM-1 in AEP, but not CEP.
In addition, CD23 was associated with AEP alone, but not
CEP or drug-EP.

Serial Changes in ADAM8 Concentration and the

Delay in Obtaining BAL after Clinical Onset

There was a negative correlation between BALF
ADAMS concentrations and the delay in obtaining BAL
after the clinical onset of AEP (fig. 4). Prednisone treat-
ment could not be responsible for the decline in ADAMS,
because all BAL were performed before treatment.

288 Int Arch Allergy Immunol 2007;142:285-290

mRNA [8]. Gene-targeted mouse studies revealed that
ovalbumin-induced ADAMS is largely dependent on sig-
nal transduction and activation of STAT-6 and IL-4 a-
chain [11]. Although ADAMS had not been studied in the
context of allergy or lung inflammation in humans, a re-
cent study identified CD23 and VCAM-1 as specific sub-
strates for the metalloproteinase associated with ADAMS
[5, 6]. We previously presented the first evidence that
sADAMS has a physiologic role in protecting against al-
lergic pulmonary disease in experimental murine asthma
(12]. The ADAMS concentrations were significantly ele-
vated in AEP and CEP when compared to HV. These re-
sults indicate that ADAMS is associated with allergic
lung inflammation in humans.

Eosinophils degrade VCAM-1 in a metalloprotease-
dependent manner. VCAM-1 is expressed on the surface
of cultured endothelial cells in response to mediators of
Th2 immunity and in blood vessels of biopsies from pa-
tients with asthma [17, 18]. VCAM-1 supports oy integ-
rin-mediated tethering, rolling, and migration of lym-
phocytes and rolling of eosinophils [19]. Degradation of
VCAM-1 might be necessary for eosinophil transmigra-

~ tion through activated endothelium and subendothelial

basement membrane. Activated endothelium might re-

Matsuno/Miyazaki/Nureki/Ueno/Ando/
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lease soluble forms of VCAM-1 that can be detected in the
blood and BALF [20]. SVCAM-1 concentrations in the
BALF were significantly elevated in the EP group. The
sVCAM-1 concentrations were significantly elevated in
AEP and CEP, when compared to HV. The findings of the
present study are, to our knowledge, the first to dem-
onstrate the elevated levels of sVCAM-1 in EP. There
was a significant correlation between the ADAMS and
VCAM-1 concentrations in BALF from AEP, but not
from CEP. These results might indicate that degradation
of VCAM-1 in AEP is regulated by ADAMS; on the other
hand, degradation of VCAM-1 in CEP is regulated by a
protease other than ADAMS, such as ADAM17 or other
proteases [21].

ADAMS is able to convert membrane-bound CD23
into a soluble form that might be involved in the regula-
tion of IgE synthesis and activation of macrophages to
release a variety of proinflammatory mediators, although
the role of sCD23 is not well-known in human allergic
lung inflammation. Mice deficient in CD23 produce
higher levels of IgE than their wild-type counterparts
[22] without any effect on B cell or T cell growth and dif-
ferentiation [22-24]. Conversely, mice overexpressing
membrane CD23 exhibit a weaker IgE response [25]. In
contrast, CD23 knockout mice are unable to demonstrate
an antigen-specific IgE-mediated antibody response [23].
CD23 negatively regulates pulmonary inflammation and
acute bronchial hyperresponsiveness [9, 10]. The CD23
concentrations were significantly elevated in AEP com-
pared to drug-EP, IPF, Sar and HV. The findings reported
in the present study are the first to demonstrate the eleva-
tion of CD23 in EP, especially AEP. These results indicate

that CD23 might have an important role in the pathogen- -

esis of AEP, but not CEP and drug-EP. In addition, there
was also a significant correlation between the sSADAMS
and sCD23 concentrates in BALF from AEP. These re-
sults also suggest that ectodomain shedding of CD23 in
AEP is regulated by ADAMS.
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Dear Sir,

A paticent with scverc temporal lobe at-
rophy, memory disturbance, and person-
ality deterioration caused by encephalitis
of unknown etiology was admitted for
evaluation. Cerebrospinal fluid (CSF)
studies disclosed no virus, but autoanti-
bodies were detected against the N-meth-
yl-D-aspartate-type glutamate receptor
epsilon 2 (GluR £2). GIuR £2 channels
have been implicated in synaptic plasticity
and localization associated with ncural
development and learning {1]. Recently
autoantibodies against GluR £2 were found
in some patients with Rasmussen’s en-
cephalitis [2] and nonherpetic limbic en-
cephalitis [3], suggesting an autoimmune
pathogenesis for some encephalitis. Sur-
prisingly in our case, neuropsychiatric
symptoms did not worsen when progres-
sively severe neuroradiologic alterationsin
the temporal lobes appeared after hospi-
talization.

Case Report

A 36-year-old man was admitted to our
hospital for evaluation concerning the eti-
ology of severe memory impairment. Nei-
ther he nor family members had a prior
history of epilepsy, dementia, autoimmune
diseases, or neuropsychiatric disorders.
He had no previous history of alcohol and/

or drug abuse. He had been diagnosed
with diabetes 2 years previously, but was
lost to follow-up before any treatment. He
had had a headache which lasted for sev-
eral days 5 months before admission to our
hospital. A short time later he developed
severe memory impairment and patholog-
ically increased appetite; he repeatedly
stole food, cven cating pet foods.

Table 1 presents laboratory, neuropsy-
chologic, electroencephalographic, and
neuroradiologic findings over time. Bio-
chemical examinations were normal ex-
cept for a serum glucose concentration of
320 mg/dl and a glycosylated hemoglobin
(HbAIc) value of 15.7%. Antibodies in the
serum for HIV and syphilis were negative.
The Wechsler Adult Intelligence Scale-Re-
vised (WAIS-R) showed a verbal intelli-
gence quotient (VIQ) of 85, a performance
1Q (PIQ) of 85, and a full scale IQ (FIQ) of
84. The Wechsler Memory Scale-Revised
(WMS-R) showed very poor general mem-
ory, visual memory, verbal memory, and
delayed-recall memory (scores of <50, 64,
<50, and <50, respectively), while the
score on the attention-concentration scale
was within the normal range (a score
of 106). Electroencephalography (EEG)
showed normal background activity and
no epileptic discharges. Routine CSF study

showed no abnormalities except for mod-
erate elevation of protein (60 mg/dl; nor-
mal range 10-40). CSF cell count was
3/mm? (normal range 1-6).

MRI of the brain demonstrated severe
diffuse cerebral atrophy, with accentua-
tion in the mesial temporal lobes includ-
ing the hippocampi (fig. 1A), which was
suggcestive of progressive dementia. Iow-
ever, repeat MRI (fig. 1B) on the 13th
hospital day disclosed 2 new area of
high signal intensity centered at the right
superior temporal gyrus, suggesting pro-
gressive encephalitis. Despite this strik-
ing signal alteration, CSF protein and cell
counts were within the normal range on
three occasions, days 14, 49, and 88. Body
temperature remained within the normal
range throughout the course of illness.
Polymecrase chain rcaction (PCR) did not
detect herpes simplex virus (HSV)-1 or 2,
human herpes virus-6 or 7, cytomegalovi-
rus, or Epstein-Barr virus in the CSF
on days 49 or 88. Systemic radiologic ex-
amination did not disclose a malignant
neoplasm while anti-Hu antibodies were
not detected in the CSF at a dilution of
1:2,000 by Western blotting, probabty
excluding parancoplastic limbic cncepha-
litis. Blood sugar remained well below
200 mg/dL.
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Fig. 1. Coronal FLAIR MRI sequences.
A Day 4: diffuse cerebral atrophy is seen,
cspecially in the mesial temporal lobes in-
cluding the hippocampi. B Day 13: a new
area of high signal intensity is centered in
the right superior temporal gyrus. € Day
46: severe signal alteration with edema af-
fects extensive areas of the temporal lobes.
D Day 172: abnormal signal disappeared
and brain atrophy remained the same as
onday4 (A).

Table 1. Laboratory, clinical, and neuroradiologic course

HospitalAdai_y k S i L el ,
0 10 20 30 40~ 50 60 70 80 90 100 110 120 130 140 150 7/ 300
- CSF
Cell count 3 1 0 2
Protein 60 37 34 40
Anti-Hu negative
Anti-GluR positive
Viral DNA PCR negative negative
WAIS-R (FIQ) 84 91 116 90
WMS-R
General <50 59 58 61 <50
Attention 106 101 113 113 101
EEG BGA 8-I1z alpha 911z alpha 9-11z alpha 9-11z alpha
MRI t t t 1 t 1
general  right temporal bil. temporal bil. temporal high intensity: general
atrophy high intensity  high intensity high intensity disappcared atrophy only

BGA = Background activity; bil. = bilateral.
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On day 46, MRI showed that the severe
signal alteration with edema had extended
towideareas of the temporallobes (fig. 1C).
Diffusion-weighted image (DWI) also
demonstrated new areas of high intensity
at the temporal lobes. Moreover, *™Tc sin-
gle-photon cmission computed tomogra-
phy (SPECT) showed significant hyper-
perfusion in mesial and lateral portions of
both temporal lobes, suggesting encepha-
litis of unknown etiology localized to the
temporal lobes. Surprisingly, however, the
neuropsychiatric status did not deterio-
rate, and disturbances of consciousness or
epileptic seizures did not occur. On reex-
amination, WAIS-R and WMS-R showed
no significant change (VIQ 85, PIQ 100,
FIQ 84, and a scorc of 10! on the attention-
concentration scale). MRI findings had
not improved by day 74 despite 10 days of
acyclovir therapy. CSF immunoassay for
14-3-3 protein was negative, suggesting
that broad, persistent neural injury was
not actively progressing. Repeated EEG
showed no abnormalities of background
activity or epileptic discharges. The pa-
tient did not manifest any epileptic sei-
zurcs, including cpilepsia partialis conti-
nua and nonconvulsive status epilepticus.
Although we did not examine CSF for my-
elin basic protein or oligoclonal bands,
acute disseminated encephalomyelitis was
unlikely since MRI signal alterations were
diffuse rather than scattered, and repeated
EEGs were within the normal ranges.

CSF obtained on day 88 was then ex-
amined for autoantibodies against GluR
£2, as these have been reported in some
paticnts with nonherpetic limbic encepha-
litis [3]. Serum and CSF were tested for
anti-GluR £2 at dilutions of 1:20 and 1:15,
respectively. Only CSF IgG, not IgM, au-
toantibodies were demonstrated. On day
172, the extent of signal alteration clearly
had decreased, and the abnormal signal
subsequently disappeared (fig. 1D). Over-
all brain atrophy remained the same as on

Encephalitis of Unknown Etiology with
Anti-GluR €2 Autoantibody

admission. SPECT showed the disappear-
ance of hyperperfusion in the temporal
lobes; the mesial temporal' areas now
showed hypoperfusion. A third WAIS-R
and WMS-R examination showed no no-
table change. Symptoms and neuroradio-
logic findings have remained stable after
discharge from the hospital.

Discussion

We suspected that the patient initially
might have had encephalitis of unknown
etiology with severe residual memory im-
pairment and marked atrophy of the me-
sial temporal cortex. We have had no sim-
ilar clinical experience in which the first
insult causing severe memory impairment
was not cvident as a history of disturbance
of consciousness or cpileptic scizure. Five
months after the presumed first insult,
findings indicated an encephalitis of un-
certain etiology showing a marked dis-
crepancy between worsening MRI find-
ings and stable clinical status. Although
MRI and SPECT showed severe signal al-
teration with hyperperfusion in the tem-
poral lobes, neuropsychiatric symptoms
did not deteriorate. We know of no re-
ported casc of cnccphalitis with such a
divergent clinicoradiologic course. A pre-
viously reported case of nonherpetic
limbic encephalitis in which neuroradio-
logic findings disappeared after 6 months
showed no relapse [4]. Since some relaps-
ing cases of herpetic encephalitis did not
have HSV detectable in CSF by PCR [5], we
could not exclude the possibility that his
first insult represented herpetic encepha-
litis, but fcw clinical symptoms character-
istic of herpetic encephalitis were present.

Although the patient’s illness may have
been caused by an undetected infectious
agent, we would propose a different expla-
nation: autoimmune encephalitis. A cell-
mediated immune response may have
caused tissue damage during an infectious
episude 5 months before admission, re-

sulting in production of autoantibodies
against GluR £2. Alternatively, antibodies
developing in response to the infectious
agent may later have acted as autoantibod-
ies against GluR £2 because of molecular
homology.

Apparent clinical stability in the pres-
cnce of dramatically worscning ncurora-
diologic findings during hospitalization
may have reflected an initial insult before
admission so severe that the WAIS-R and
WMS-R could not detect a further decline
in temporal lobe function during the ad-
mission. Although we could not determine
whether autvantibodies against GluR &2
were the cause or the result of the enceph-
alitis of unknown ctiology, we belicve that
the autoantibodics had a profound influ-
ence on the neuroradiologic course.
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ABSTRACT: B-Synemin has been identified as an a-dystrobrevin—interacting
protein in human muscle, although at least two synemin transcripts are ex-
pressed in brain. To understand synemin’s function in neural tissue, in situ and
immunohistochemical analyses were performed to identify where «- and B-syn-
emin are expressed in the brain of C57BL/6 and mdx (dystrophin null) mice.
This analysis shows that the «- and B-synemin transcripts and their encoded
proteins colocalize in neurons, especially in the midbrain and pons. Since
a-dystrobrevin-1 and synemin do not colocalize in brain as in muscle, this
suggests that another member of the dystrophin-associated protein complex
might interact with synemin in brain. In support of this, synemin mRNA expres-
sion was decreased in mdx mice, suggesting that synemin transcription is linked
to dystrophin expression. Our findings show where synemin is expressed in

brain and allow one to speculate with regard to its function in neural tissue.
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B-Synemin,“’-?‘ a novel intermediate filament pro-
tein, was originally identified as an a-dystrobrevin-
binding protein through a yeast two-hybrid screen
using an amino acid sequence derived from exons 1
through 16 of a-dystrobrevin,'%17 a region common
to both a-dystrobrevin-1 and -2.'° Although this re-
gion is shared between both a-dystrobrevin isoforms,
B-synemin preferentially associates with a-dystrobre-
vin-l in muscle.!? Based on its expression pattern
and location in muscle, it has been postulated that
B-synemin predominantly functions in muscle to
maintain costameric linkages, although expression
has also been observed in muscle neuromuscular
Jjunctions,!? suggesting a role for S-synemin in trans-
mitting neural signals to the muscles.

Although Northern blot analysis shows that a single
isoform of human synemin is strongly expressed in
skeletal muscle and heart, a longer exposure of the
same Northern blot shows a faint doublet in brain,
suggesting that there are two synemin isoforms ex-
pressed in brain tissue.'® Both synemin isoforms derive

Abbreviations: EDTA. ethylenediamine tetraacetic acid: GFAP, glial fibriflary
acidic protein; PBS, phosphate-buffered saline; TBS, Tris-buffered saline
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Synemin in Brain

from differential splicing of the synemin gene on chro-
mosome 15q26.3.!! The a-synemin transcript is larger
than B-synemin’s transcript, as the intron between ex-
ons 4 and 5 is not removed.!1-2! As a result, the human
a-synemin protein is 312 amino acids longer at the
Cterminus than Bsynemin. Previous studies have
shown that B-synemin is specifically expressed in skel-
etal muscle, whereas a- and B-synemin are expressed in
brain tissue.®!2 It is not understood why two synemin
isoforms are expressed in brain, although a-synemin
expression is tissue-specific, suggesting that the two
proteins have different functions.

During rat brain development, synemin is ex-
pressed only in a subpopulation of astrocytic pre-
cursors that are glial fibrillary acidic protein
(GFAP) and vimentin positive.2® In the adult rat,
astrocytes no longer express synemin in the cere-
bral hemispheres except in intermingled vascular
smooth muscle cells.?® In contrast, only the a-syn-
emin isoform is detected in sections from normal
human brain, although astrocytic tumors express
both a- and B-synemin.? Furthermore, the a-syn-
emin protein is highly expressed in astrocytomas
compared to expression in unaffected brain.” In-
creased synemin expression in astrocytomas is
likely a result of increased vascularization within
the tumor and the increased numbers of reactive
astrocytes.”
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FIGURE 1. Summary of synemin, probes, and antibody. The a-synemin gene is labeled with the positions of the in situ probes and
antibody-binding site. The region specific to o-synemin but spliced away in B-synemin is designated in red. Binding sites for in situ probe-1
and -2 are within the spliced region and therefore specitic to a-synemin, whereas those for probe-3 and -4 are present in a noncoding

region and recognize both synemin isoforms.

Since it is unknown how synemin functions in
neural tissue, in situ and immunohistochemical anal-
yses were completed to identify where the synemin
transcripts and proteins are normally expressed in
brain tissue. To complete this study we examined
brain tissue from 8-week-old C57BL/6 mice. Sections
from brain were analyzed using a human synemin
antibody, which recognizes both the a- and B-syn-
emin proteins, and four different RNA probes, two
of which are located in the alternative splicing re-
gion specific to a-synemin and two of which are
present in a noncoding region common to both
synemin isoforms.

MATERIALS AND METHODS

RNA Probe Design and Preparation. The following
four in situ probes were used in this study (Fig. 1):
RNA probe-1 (445 bp; position 3524-3968 (3459-
3903 bp from the initiation codon)], RNA probe-2
[388 bp; position 3949-4336 (3884-4271 bp from
the initiation codon)], RNA probe-3 [479 bp; posi-
tion 5972-6450 (5907-6385 bp from the initiation
codon}], and RNA probe+4 [510 bp; position 7116-
7625 (7051-7560 bp from the inidation codon)].
Positions are relative to the mouse muscle cDNA for
synemin (GenBank access. no. NM_201639). Each
gene fragment was subcloned into the pGEM-T vec-
tor (Promega, Madison, Wisconsin) and digoxige-
nin-RNA probes were expressed from T7 and S6
promoters to generate both the sense and anti-sense
RNA probes (Roche, Basel, Switzerland).

In Situ Hybridization.  All in situ hybridization proto-
cols were performed by Genostaff (Tokyo, Japan)
and all results were confirmed by repeating the ex-
periments either two (probes1-3) or three
(probe-4) times. Mouse brains were isolated from
8-week-old C57BL./6 and mdx (dyswrophin-deficient)
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mice, fixed with tssue fixative, and subsequently
embedded in paraffin blocks. Dystrophic (mdx) mice
were provided by the Central Institute for Experi-
mental Animals (Kanagawa, Japan). Tissue sections
(6 pm) were prepared for in situ hybridization. They
were dewaxed with xylene and rehydrated through a
series of washes with ethanol and phosphate-buff-
ered saline (PBS). Sections were fixed in PBS with
4% paraformaldehyde for 15 min and then washed
with PBS. Sections were then treated with 10 pg/ml
proteinase K in PBS for 30 min at 37°C, washed with
PBS, refixed with 4% paraformaldehyde in PBS,
washed again with PBS, and placed in 0.2 M HCl for
10 min. After washing with PBS the sections were
acetylated by incubation in 0.1 M triethanolamine-
HCI (pH 8.0), 0.25% acetic anhydride for 10 min.
The sections were then washed with PBS and dehy-
drated through a series of ethanol washes. Hybrid-
ization was performed with either RNA probe-1, -2,
-3, or -4 as indicated in the text at concentrations of
100 ng/ml in probe diluent at 60°C for 16 h. After
hybridization, the sections were washed in 5 X Hy-
briWash (Genostaff, Tokyo, Japan) at 60°C for 20
min and then in 50% formamide, 2 X HybriWash at
60°C for 20 min, followed by RNase treatment in 50
pug/ml RNaseA in 10 mM TrissHCl (pH 8.0), 1 M
Na(Cl, and 1 mM ethylenediamine tetraacetic acid
(EDTA) for 30 min at 37°C. The sections were then
washed twice with 2 X HybriWash at 60°C for 20
min, twice 0.2 X HybriWash at 60°C. for 20 min, and
once with TBST [0.1% Tween20 in Tris-buffered
saline (TBS)]. After treatment with 0.5% blocking
reagent (Roche, Basel, Switzerland) in TBST for 30
min the sections were incubated with anti-digoxige-
nin-AP conjugate (Roche) diluted 1:1,000 with TBST
for 2 h. The sections were washed twice with TBST
and then incubated in 100 mM NaCl, 50 mM MgCl,,
0.1% Tween20, 100 mM Tris-HC1 (pH 9.5). Coloring
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reactions were performed with BM purple AP sub-
strate (Roche) overnight and then washed with PBS.
The sections were counterstained with Kernechtrot
stain solution (Muto Pure Chemicals, Tokyo, Japan),
dehydrated, and mounted with malinol (Muto).

Immunehistochemistry. For immunohistochemistry,
tissue sections were dewaxed with xylene, and rehy
drated through a series of ethanol and TBS washes.
Antigen retrieval was performed by microwaving the
samples for 20 min with citrate buffer (pH 6.0). The
sections were treated with 3% hydrogen peroxide in
methanol for 15 min, and then Protein Block (Dako,
Kyoto, fapan) for 10 min. The sections were treated
with antihuman synemin rabbit polyclonal antibody!?
at a final concentration of 0.4 ug/mli, at 2-8°C over-
night. The 12 amino acid peptide sequence used to
generate the antthuman symemin antibody is con-
served in mice (amino acids 857-868 in human and
848-859 in mouse). The sections were treated with
Histofine Simplestain mouse MAX-PO (R) (Nichirei
Biosciences, Tokyo, Japan) for 30 min, and then incu-
bated with 3,3'-diaminobenzidine tetrahydrochloride
(Wako Pure Chemical Industries, Osaka, Japan). The
sections were counterstained with Mayer’s hematoxylin
(Muto), dehydrated, and mounted with malinol
(Muto).

RESULTS

Localization of the Synemin Transcript In Mouse Mid-
" braln, Pons, Hippocampus, and Septum. In order to
investigate synemin expression in the brain, in situ
analysis was performed on sagittal sections of mouse
brain using a general synemin probe (see probe-3, Fig.
1). This analysis showed that synemin transcription was
largely localized to the. ventral side of the cerebellum
(see square, Fig. 2A). Larger magnification of the same
area showed more obvious staining scattered at the
midbrain to pons region (Fig. 2B), and even further

magnification of the square in Figure 2B (see Fig. 2C) .

makes it possible to discern large clear reactive neu-
rons. As expected, the second general synemin probe
(probe-4) showed a similarly labeling pattern (Fig. 2D)
to that of probe-3 (Fig. 2C). In order to investigate
which synemin isoform was expressed in these tissues,
a-synemin specific probes (-1 and -2, Fig. 1) were used
for in situ analysis in the same sagittal sections. Both
probe-1 and -2 (Fig. 2EF) in general showed similar
labeling patterns as that for the general synemin
probes, although the intensities were weak compared
to probe-3 (Fig. 2C) and 4 (Fig. 2D). Control experi-
ments using sense probes were negative, suggesting the
labeling patterns for the antisense probes were specific

Synemin in Brain

(data not shown). To betier illustrate the parts of the
brain being analyzed, a figure from the mouse brain
atlas is shown!® with brain areas labeled (Fig. 2G).
Synemin expression was also analyzed in other
brain regions. Detailed examination of the region of
square-1 of Figure 3A and its corresponding region in
Fig. 3B identified cells labeled by probe-3 in the sep-
tum (Fig. 3E) similar to that seen in serial sections
siained with probe-1 (Fig. 3C) and 2 (Fig. 3D), al-
though the levels of intensity with probe-3 were
greater. In the dentate gyrus of the hippocampus
(square-2 in Fig. 3A and its corresponding region in
Fig. 8F), no cells stained with probe-1 (Fig. 3G) and
only one cell staining with probe-2 was detected (Fig.
3H). Scattered cells stained by probe-3 were observed
in the dentate gyrus (Fig. 31); however, the number of
positive cells was low and the intensities were weak
compared to the staining observed in the midbrain
and pons. The synemin-positive cells seemed to posi-
tion outside of the dentate gyrus rather than inside of
it. In coronal sections it was possible to identify cells
stained by all four probes in the CA3 field of the
hippocampus (data not shown). Based on sagittal brain
sections hybridized with synemin-specific probes, de-
tectable levels of synemin mRNA are observed in the
mouse brain between the pons and midbrain, the hip-
pocampus, and the septum. :

Colocalization of the Synemin Transcript and Proteln In
Brain. To determine whether synemin is expressed as
protein in cells expressing the synemin transcript, we
examined mirror sections (sections on either side of an
initial cut) of mouse brain using both in situ hybridiza-
tion (using probe-3) and immunohistochemistry (us-
ing an antisynemin antibody). Mirror sections were
used to determine colocalization since they provide the
greatest resolution when positively labeled structures
are small. In mirror sagittal sections, regions 1, 2, and
3 (Fig. 4A) demonstrated convincing colocalization of
transcript and its protein. A more detailed alignment
of transcript-positive (Fig. 4B,F) and protein-positive
(Fig. 4C,G) structures were observed in the midbrain
and pons. Higherresolution analysis of the squares
shown in Figure 4B.C.F,G demonstrated that there
were large numbers of the neurons expressing both
the synemin transcript (Fig. 4D,H) and its protein (Fig.
4EI). The differences in size of the neurons are likely
due to the angle at which individual neurons were
sectioned (Fig. 4D,E). In the hippocampus, synemin-
positive structures were very small, making them diffi-
cult to observe; however, large magnification of
squares in Figure 4],K showed that the same cells were
positive with the in situ probe-3 (arrow in Fig. 4L) and
the antisynemin antibody (arrow in Fig. 4M). In the
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FIGURE 2. Synemin is expressed in neurons of the midbrain and pons. Sagittal sections from an 8-week-old mouse brain were examined
by in situ analysis using the probes designated below. Light purple shows in situ positive structures. {A-C) Hybridized with probe-3; (D)
was hybridized with probe-4; (E,F) were hybridized by probe-1 and probe-2, respectively. The square in A comresponds to B and shows
probe-3 positive neurons from-midbrain to pons. The square in B is further magnified and shown in C to better show synemin expression
in neurons, similar to that shown for probe-4 (D). (E,F) The same area as in C,D, yet hybridized with probe-1 and -2, respectively. Arrows
indicate transcript-positive neurons. (G) Taken from a mouse atlas'? and regions of the brain were labeled with regard to these analyses.
DL, L, and VL indicate dorsolateral, lateral, and ventrolateral periaqueductal gray matter of midbrain, respectively, and Tg indicates
laterodorsal tegmental nucleus of the pons. Other abbreviations: HI, DG, SE, and LV show hippocampus, dentate gyrus, septum, and

lateral ventricle, respectively. Scale bar, 50 pm.

septum cells stained with probe-3 or thé antisynemin
antibody, although it was difficult to confirm colocal-
izadon even under large magnification (data not
shown). Similar results were also obtained using the
other general synemin in situ probe-4, and results from
both probes were performed twice, confirming the
specificity of our results. '

Synemin Expresslon In Dystrophin-Deficient {mdx) Mice
Brain. To determine whether synemin expression
was altered in dystrophin-deficient mouse brain, in
situ hybridizations (using probe-3) and immunohis-
tochemical analyses (using an antisynemin antibody)
were performed simultaneously on control and mdx
mouse brain sections. In control brain synemin tran-

500 Synemin in Brain

script was clearly expressed in the neurons of the
midbrain to pons (Fig. bA), while synemin expres-
sion was decreased in the mdx brain (Fig. 5C), sug-
gesting that synemin mRNA expression is at least
partially dependent .on fulHength dystrophin ex-
pression. In control mice, immunohistochemical
analysis of mirror sections (Fig. 5B) shows that the
synemin protein was expressed in the same neurons
where synemin transcript was detected using in situ
analysis (Fig. 5A). Unexpec[edbg immunohisto-
chemical analysis shows that the synemin protein was
also expressed in mdx mice brain (Fig. 5D), even
though in situ analysis detected an overall decrease
in synemin mRNA levels (Fig. 5C).
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septum and dentate gyrus. Sagittal sections from an 8-week-
old mouse brain were examined by in situ analysis using the
probes designated below. Light purple shows insitu positive
structures. (B,F) The panels for squares 1 and 2 in (A) are
shown for comparison. (A,B,E,F,1) Hybridized with probe-3,
whereas (C,G) or (D,H) were hybridized with probe-1 or -2,
respectively. The squares in B and F are shown in E and |,
respectively, at a large magnification, indicating transcript-
positive structures in septum and hippocampus. (C,D) Similar
staining pattern to that shown in E; however, the staining
intensities for C and D are weak. Both the intensity and num-
ber of synemin transcript-positive structures in dentate gyrus
were very low, as shown in G-I. Scale bar, 50 um.

Synemin in Brain

DISCUSSION

Both mouse a- and B-synemin isoforms?? are struc-
turally identical to their human orthologs!®?! with
the exception that intron 4 of B-synemin is 906-bp
long in mice and 936 bp in humans. In additon, a
third synemin isoform exists in mice and this isoform
skips exon 4 of B-synemin, thereby connecting exon
3 to exon 5, which, as a result of a frameshift, en-
codes a unique 36-amino acid C-terminus.?? Previous
studies have investigated the function of synemin in
muscle and have shown that this protein positions to
the muscle costamere (the region that connects the
plasma membrane to the muscle Z-line) and to neu-
romuscular and myotendinous junctions.'? These lo-
cations suggest that synemin functions in skeletal
muscle as a structural protein maintaining muscle
cell integrity during repeated cycles of contraction.
In addition to its expression in muscle, synemin is
also expressed in brain.t67.1220 In this study, we
localize the synemin transcript and its protein in
mouse brain to begin understanding the character-
istics of this protein in neural tissue.

Sultana et al.2® previously reported that synemin
is expressed transiently in radial glial cells, which
develop into mature astrocytes in the rat brain cor-
tex during development. Furthermore, Hirako et al.?
showed that synemin is expressed in astrocytes of the
central nervous system (such as adult bovine and
rabbit optic nerve) and in non-myelinforming
Schwann cells of the peripheral nervous system. Al-
though synemin is expressed in some astrocytes, it is
not expressed in all of them. For example, tissues
from progressive multifocal leukoencephalopathy
and from glial scars following stroke showed syn-
emin-positive reactive astrocytes, whereas those from
epileptic foci were synemin negative.? Since the
brain tissues we examined were from normal mice,
no reactive astrocytes were likely to be found and
therefore our results describe synemin expression in
an unaffected system. Our results show that synemin
expression is limited to neurons or cells in very
restricted regions, with the strongest expression in
the midbrain and pons, suggesting a role for syn-
emin in those tissues. A mouse brain atlas shows that
synemin-positive structures align in the dorsolateral,
lateral, and ventrolateral periaqueductal gray of the
midbrain or the laterodorsal tegmental nucleus of
pons.!® This pattern of expression suggests that syn-
emin is expressed in some of the cranial nerves.

In mammalian muscle, both a-synemin and
B-synemin are incorporated with desmin into hetero-
polymeric intermediate filaments.* Whether syn-
emin in the midbrain and pons colocalizes with
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other intermediate filament proteins or dimerizes
with another synemin isoform is not understood.
Given that Bsynemin is a smaller splice variant of
a-synemin, it is impossible to generate a probe spe-
cific to the B-isoform. Although synemin expression
patterns were very similar using probe-1 and probe-2
(specific to a-synemin) and probe-3 and probe-4
(common to both synemin transcripts), the intensi-
ties of the reactions were different, suggesting that
B-synemin dimerizes with a-synemin in different mo-
lar ratios. In addition, since astrocytes in optic nerves
and non-myelinforming Schwann cells show syn-
emin, GFAP and vimentin-positive reactions and as-
trocytes of rabbit spinal cord lack synemin but are
GFAP-positive,* it would be helpful to understand
what proteins might interact with synemin in vivo.
Based on its role in skeletal muscle, synemin likely
plays a role in maintaining mechanical integrity of
neural cells and tissues by connecting type III and IV
intermediate filament proteins.

It is tempting to speculate why synemin is most

strongly expressed in the neurons of the midbrain

and pons and whether synemin interacts with the
dystrophin-associated proteins in brain as it does in
muscle. B-Synemin was originally identified through
a yeast two-hybrid screen using a portion of a-dystro-
brevin as the “"bait.”!® In muscle, a-dystrobrevin
binds to dystrophin on the intracellular portion of
the sarcolemmal membrane.!® Since a-dystrobrevin
is also expressed in brain tissue,!® it is possible that
this interaction is maintained in brain. According to
Blake et al.,! a-dystrobrevin-1 is expressed in the
vasculature of the isocortex, dentate gyrus, astro-
cytes, and CA2/CAS3 in the hippocampus, and the
soma and. processes of Bergmann astroglial cells in
the cerebellum. Because synemin expression does
not always coincide with that reported for a-dystro-

FIGURE 4. Colocalization of the synemin transcript and protein in
mouse sagittal brain. (B,D,F,H,J,L) In situ experiments hybrid-
ized with probe-3, whereas (C,E,G,|,K,M) are mirror sections
immunostained with an antisynemin antibody. Light purple shows
in situ positive structures and orange indicates those immuno-
stained with the antibody. The location of the pons is designated
with a “1” in (A) and its respective staining pattems are shown in
(B-E). The squares in.B and C are shown in D and E, respec-
tively, and show clear colocalization of the synemin transcript and
protein. The location of midbrain is designated with a “2” in A and
its respective staining patterns are shown in F=l. The squares in
F and G are shown in H and |, respectively. The CA3 field of
hippocampus is designated with a “3" in A and its respective
staining patterns are shown in J-M. The squares in J and K are
shown in L and M. Arrows indicate structures positively staining
with both the in situ probe and the anti-synemin antibody. Scale
bar, 50 pm.
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brevin-1 in brain, it is likely that synemin forms a
different complex in brain from that observed in
skeletal muscle. Furthermore, B-dystrobrevin,!41% a
second member of the dystrobrevin family, is ex-
pressed predominandy in granule cells and Purkinje
cell somata in the cerebellum, a region where syn-
emin was not expressed, suggesting that S-synemin
also does not colocalize with B-dystrobrevin in brain.
Using an immunohistochemical analysis, [zmiryan et
al.% recently reported the expression of a- and B-syn-
emin in Purkinje cells in mouse adult brain. In ad-
dition, they reported synemin expression in the me-
dulla oblongata, but not in the midbrain or pons.
Since our study evaluated synemin expression at
both the mRNA and protein levels, we cannot fully
explain the differences with their immunohisto-
chemical data, although this could be caused by
varying specificities of the two different antibodies
used in these studies.

In muscle, synemin is connected to dystrophin
through its association with a-dystrobrevin and it is
possible that the connection between synemin and
dystrophin is maintained either directly or indirectly

Synemin in Brain
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FIGURE 5. Synemin expression in control and dystrophin-deficient (mdx) mouse brain. (A,C) In situ experiments hybridized with synemin
probe-3, whereas (B,D) are mirror sections immunostained with an anti-synemin antibody. A and B are from control mice, whereas C and
D are from max mice. Light purple shows in situ positive structures and orange indicates those immunostained with the antibody. Arrows
indicate structures positively stained with both the in situ probe-3 and the antisynemin antibody. Scale bar, 50 pm.

in brain tissue. To determine whether dystrophin
expression is required for synemin localization in
brain, in situ analysis was performed for synemin in
normal and dystrophic (mdx) mouse brain. Synemin
mRNA levels were decreased in the brain of mdx
mice (Fig. 5A,C), suggesting that changes in dystro-
phin expression affect synemin mRNA expression.
Unexpectedly. though, the synemin protein did not
show the same decrease in expression levels as its
mRNA transcript (Fig. 5B,D). There are at least two
possible explanations for this observation. First,
since the causative dystrophin point mutation!'? in
mdx mice is upstream of the initdation codon for the
smaller dystrophin isoforms (<260 kDa),-3589 it is
possible that the dystrophin-short isoforms were able
to stabilize the synemin protein in the mdx brain
tissue. Second, it is also possible that the antibody
used in this study recognizes synemin along with
another related protein although previous antibody
characterization does not support this explanation.!?

In summary, we have identified regions where
synemin is expressed in the adult mouse brain.
These results show that synemin transcript and pro-
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