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Abstract
Objective: The aim of the present study was to clarify
the expression of uridine diphospho-N-acetylglucosamine
2-epimerase/N-acetylmannosamine kinase (GNE) protein
and mRNA in damaged or regenerating myofibers. Meth-
ods: We investigated the muscle expression pattern of GNE
protein by immunohistochemistry using a murine model in-
volving intramuscular injection of cardiotoxin {CTX), and the
expression level of GNE mRNA by quantitative real-time
polymerase chain reaction analysis of damaged or regener-
ating myofibers that had been collected directly from tissue
sections using laser-capture microdissection. Results: The
expression of GNE protein was increased in severely dam-
aged myofibers as weli as in regenerating myofibers with
central nuciei, both of which also showed an increase in the
expression of GNE mRNA. In regenerating myofibers, immu-
noreactivity for GNE protein in nuclei relative to that in the
cytoplasm was higher at 7 days than at 4 days after CTX in-
jection. Conclusion: Our findings suggest that GNE expres-
sion is induced when myofibers are damaged or regenerat-
ing, and that GNE plays a role in muscle regeneration.
Copyright © 2010 S. Karger AG, Basel

Introduction

The GNE gene encodes uridine diphospho-N-acetyl-
glucosamine 2-epimerase/N-acetylmannosamine kinase
(GNE), a key enzyme in the sialic acid biosynthetic path-
way [1-3]. Sialic acids are expressed as terminal carbohy-
drates on glycoconjugates of eukaryotic cells, and func-
tion in cellular interactions and signaling [3, 4]. Under
physiological conditions, GNE is expressed in various tis-
sues, including muscle in mice as well as humans [5-7].
Deletion of the GNE gene in mice is embryonically lethal,
suggesting that GNE plays an important role in develop-
ment [8]. It is widely accepted that germ line mutation of
the GNE gene is responsible for the pathogenesis of an
autosomal recessive muscle disease with early adult on-
set, distal myopathy with rimmed vacuoles [9] and he-
reditary inclusion body myopathy [10]. Distal myopathy
with rimmed vacuoles/hereditary inclusion body myopa-
thy is characterized clinically by gradually progressive
limb muscle weakness and atrophy, and pathologically by
the presence of many cytoplasmic rimmed vacuoles, in-
tranuclear tubulofilamentous inclusions and myofiber
atrophy with little evidence of necrosis or regeneration
[11-14]. It has recently been reported that the expression
and subcellular distribution of GNE protein in muscle
from patients with hereditary inclusion body myopathy
are similar to those in normal muscle [15]. However, it is
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unknown whether the expression pattern of GNE in vivo
changes in the regeneration process after muscle injury.
In the present study, we investigated the expression pat-
tern of GNE during the regeneration process after muscle
injury induced by injection of cardiotoxin (CTX), and
found that GNE is induced in both severely damaged
myofibers and regenerating myofibers after muscle in-

jury.

Materials and Methods

Animals and CTX Injection

C57BL/6 male mice (Kyudo, Saga, Japan) aged 7-12 weeks
were used in this study. All experiments were performed in ac-
cordance with the guidelines for animal care and use at Oita Uni-
versity (Permission No. H008001). After anesthesia, 50 pl of 10
uM CTX (Latoxan, Rosans, France) was injected into the right
gastrocnemius muscle. At 1,2, 4, and 7 days after CTX injection,
mice were sacrificed and the gastrocnemius muscles were resect-
ed. Muscles were fixed with 4% paraformaldehyde and embedded
in paraffin, or immediately frozen in liquid nitrogen-cooled iso-
pentaneand stored at -80°C. Noninjected gastrocnemius muscles
were used as control.

Generation of GNE Antibodies

Total RNA was extracted from a human monocytic leukemia
cell line (THP-1). The cDNA fragment encoding the full length of
the GNE protein was synthesized and amplified by reverse-tran-
scription polymerase chain reaction (RT-PCR) with the forward
primer 5-ACCTCTCAAAACGAAACAAG-3' and the reverse
primer 5-AAGAAACGGTCATCCTAAAG-3". The PCR product
was subcloned into pGEM-T easy vector (Promega, Madisom,
Wisc., USA) and sequenced (GNE-pGEM-T easy). Although plu-
rally cloned cDNAs have the same mutation (A to @) at codon 309,
we used this clone in the following experiment, since this muta-
tion may not affect the amino acid sequence.

Next, in order to generate recombinant GNE protein fused to
glutathione-S-transferase (GST), cDNAs encoding the N-termi-
nal region (1-380 amino acids) of GNE (GNE-E} and the C-ter-
minal region (410-722 amino acids) of GNE (GNE-K) were am-
plified by PCR with the following primers: GNE-E forward, 5"
CGCGGATCCATGGAGAAGAACGGGAAT, GNE-E reverse,
5'-CCGCTCGAGTCATGAAGGTCGATGGATTTG; GNE-K
forward, 5-CGCGGATCCTTGGCTGTTGATCTCGGG; GNE-
K reverse, 5'-CCGCTCGAGCTAGTGGATCCTGCGGGT and
GNE-pGEM-T easy as the template. Following sequencing, the
¢DNAs were subcloned into the BamHI and Xhol sites of the
pGEX4T-1 vector plasmid (Amersham Biosciences, Piscataway,
N.J., USA), respectively. The construct of the full-length GNE
fused to GST (GST-GNE) was done by cloning from GNE-pGEM-
T easy to pGEX4T-1 at the EcoRI site. GST-GNE-E, GST-GNE-K
and GST-GNE were synthesized and purified as described previ-
ously {16].

The purified GST-GNE-E and GST-GNE-K proteins were
used to immunize rabbits to raise anti-GNE polyclonal antibod-
ies. The antibodies were affinity purified as described previously
[17]. The purified antibodies, designated ‘a-GNE-E Ab’ and ‘a-
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GNE-K Ab’ and directed at the GST-GNE-E and GST-GNE-K
proteins, respectively, were used in the following experiments.
The additional primaryand secondary antibodies listed in on-
line supplementary table 1 (for all supplementary material, see
www.karger.com/doi/10.1159/000292652) were obtained com-
mercially and used according to the manufacturer’s instructions.

Histological Analysis

The cross-sectional area (CSA) of the regenerating myofibers
and the gastrocnemius muscle were measured using NIH Im-
age] software. The CSA of the regenerating myofibers (pm?) and
the number of damaged or regenerating myofibers per unit CSA
(mm?) were expressed as means + SD. Differences between vari-
ances were tested by the Mann-Whitney U test as a nonparamet-
ric method.

Immunohistochemistry and Double-Labeled

Immunofluorescence

Immunohistochemistry and double-labeled immunofluores-
cence were performed as described previously [18]. Briefly, paraf-
fin-embedded tissue sections were deparaffinized and rehydrated
using standard protocols. Tissue sections from frozen specimens
were fixed in 4% paraformaldehyde for 20 min at room tempera-
ture (RT). For antigen retrieval, sections were immersed in 10 mM
sodium citrate buffer, pH 6.0 (Iatron, Tokyo, Japan), autoclaved at
120°C for 10 min and cooled to RT. They were treated with 3%
H,0, for 5 min at RT to inactivate endogenous peroxidase activ-
ity for avidin-biotin complex methods. After blocking with 10%
goat serum (Nichirei, Tokyo, Japan) for 30 min at RT, immuno-
histochemistry with rabbit polyclonal a-GNE-K Ab was per-
formed by incubating the tissue sections overnight at 4°C with the
first antibody at concentrations of 4 pg/ml in diluting solution
(Dako, Copenhagen, Denmark). .

For avidin-biotin complex methods, the sections were then
washed with 1 X phosphate-buffered saline (PBS) and incubated
for 30 min with biotinylated goat a-rabbit IgG antibody (Nichi-
rei). After being washed, they were incubated with a solution of
avidin-conjugated horseradish peroxidase (Vectastain Elite ABC
kit; Vector Laboratories Inc., Burlingame, Calif., USA) for 15 min,
according to the manufacturer’s recommendations, and then
washed. Peroxidase activity was detected with H,0,/diamino-
benzidine substrate solution, and the sections were counter-
stained with hematoxylin before dehydration and mounting.

For double-labeled immunofluorescence, sections incubated
with a mixture of appropriately diluted first antibodies were then
washed with 1 X PBS and incubated with a mixture of appropri-
ately diluted secondary antibodies or propidium iodide (Sigma,
Tokyo, Japan) for 2 h at RT. They were then washed and mounted.
The mounted sections were observed using the LSM5 Pascal con-
focal laser scanning microscope (Carl Zeiss, Oberkochen, Ger-
many).

For antigen competition experiments, prior to immunostain-
ing a-GNE-K Ab was preabsorbed to more than a 700-fold weight
excess of GST-GNE-K. ’

Western Blotting

Fresh-frozen samples were ground to a fine powder with liquid
nitrogen. Total proteins were extracted as described previously
[19]. Western blotting analysis was performed as described previ-
ously [20].
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Extraction of Total RNA from Laser-Capture Microdissected

Myofiber Samples

Tissue sections 10 pum thick were cut from frozen blocks with
a cryostat Leica CM1850 (Leica Microsystems, Wetzlar, Germa-
ny), and then stained with cresyl violet (Ambion). Damaged, re-
generating or control myofibers were collected from the tissue
sections using the Arcturus®T microdissection system (Arcturus
Engineering Inc., Mountain View, Calif., USA). Control myofi-
bers (with a normal appearance) were collected from the same
tissue sections from which damaged or regenerating myofibers
had also been collected. The collected myofibers were dissolved
immediately in Isogen reagent (Nippon Gene, Tokyo, Japan), and
total RNA was isolated as described by the manufacturer. Reverse
transcription was carried out using a Transcriptor first-strand
cDNA synthesis kit (Roche, Mannheim, Germany) with random
hexamer primers, in accordance with the manufacturer’s instruc-
tions.

Quantitative PCR for GNE

Quantitative real time PCR (QRT-PCR) was performed using
LightCycler FastStart DNA Master SYBR Green I (Roche,
Mannheim, Germany) and analyzed in a LightCycler 2.0 (Roche)
with LightCycler Software version 4.0 (Roche), according
to the manufacturer’s instructions. Primers for mouse GNE
(MA065432) (forward, 5-ACGTGAAGGCCCAGAGCATC; re-
verse, 5 TGACTGGCCAGGACTCCAGA) and mouse GAPDH
(MA050371) (forward, 5-TGTGTCCGTCGTGGATCTGA; re-
verse, 5" TTGCTGTTGAAGTCGCAGGAG) were designed by
and purchased from Takarabio (Shiga, Japan}. Dilutions of cDNA
synthesized from noninjected murine gastrocnemius muscles
were used as standards. QRT-PCR was carried out using the fol-
lowing cycle parameters: 1 cycle of 10 min at §5°C, followed by 40
cyclesof 105at 95°C, 1052t 60°C, and 20 s at 72°C. Melting curve
analysis was performed to confirm the correct PCR product.
GAPDH was used as a control and relative expression levels were
obtained by relative quantification analysis. PCR amplification
was duplicated in independent experiments.

Immunoelectron Microscopy

The gastrocnemius muscles at 7 days after CTX injection were
fixed in 4% paraformaldehyde overnight, followed by routine em-
bedding in paraffin. Tissue sections stained with hematoxylin
and eosin (HE) were then prepared and observed by light micros-
copy, and we selectively obtained tissues that were rich in regen-
erating myofibers. The selected tissues were cut into small pieces
with aknife, deparaffinized in xylene, rehydrated in ethanol, and
fixed overnightat4°Cin a mixture of 2% paraformaldehyde, 0.5%
glutaraldehyde, 0.2 mM CaCl,,and 0.1 mM MgCl, in 0.1 M sodium
cacodylate buffer, pH 7.4, which was supplemented with tannic
acid at a final concentration of 0.1%, just before use. The pieces
were dehydrated in an ascending graded ethanol series and infil-
trated with LR White resin (London Resin Company, UK), which
was polymerized by heating at 55°C for 24 h. LR White-embedded
blocks for immunoelectron microscopy using a-GNE-K Ab were
prepared as described previously [18, 21]. Briefly, ultrathin sec-
tions were cut with an ultramicrotome (Leica Instruments, Nuss-
loch, Germany) at a thickness of 90 nm and mounted on nickel
grids that had been coated with carbon in a vacuum evaporator.
For immunostaining, nickel grids bearing sections were im-
mersed in an alkaline solution (Target Retrieval Solution, pH 10;
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Dako, Carpinteria, Calif.,, USA), heated at 95°C for 30 min, and
then cooled to RT. After blocking, the sections were incubated
with «-GNE-K Ab (5 pg/ml) diluted with 1 x Tris-buffered sa-
line containing 0.1% (w/v) bovine serum albumin at 4°C for 18 h.
After washing, the sections were incubated with the appropri-
ately diluted 15-nm gold particle-conjugated secondary antibody
at RT for 30 min. After washing, the sections were counterstained
with uranyl acetate and lead citrate, and observed with a trans-
mission electron microscope (JEM 1230, Jeol Ltd., Tokyo, Japan).
Preparations of normal quadriceps muscle were made in a similar
way. Negative controls were prepared by omitting the first anti-
body.

Results

Characterization of Anti-GNE Antibodies

We generated two affinity-purified anti-GNE anti-
bodies by immunizing rabbits with the recombinant
GNE protein fused to GST containing the epimerase do-
main corresponding to amino acids 1-380 (GNE-E), or
with that containing the kinase domain corresponding
to amino acids 410-722 (GNE-K), as described in Mate-
rials and Methods (online suppl. fig. 1A). On Western
blots, while a-GNE-E Ab and o-GNE-K Ab were spe-
cifically immunoreactive with GNE-E and GNE-K, re-
spectively (online suppl. fig. 1B), both of the antibodies
were immunoreactive with purified full-length GNE
proteins fused to GST (online suppl. fig. 1B) as well as
with full-length GNE proteins fused to GFP exogenous-
ly expressed in HEK293 cells (online suppl. fig. 1C). As
shown in online supplementary figure 1D, Western blot-
ting analysis of extracts from the murine muscle tissue
showed that both a-GNE-E Ab and a-GNE-K Ab de-
tected aband at about 79 kDa corresponding to GNE [7].
Immunohistochemical analysis of the normal murine
muscle showed that positive immunoreactivity for a-
GNE-K Ab was detected mainly in the cytoplasm and
occasionally in the nuclei of myofibers (fig. 1A). Nonspe-
cific immunoreactivity was unlikely because these posi-
tive immunoreactivities were found to be significantly
decreased in the antigen competition experiments
(fig. 1B). Double-labeled immunohistochemistry with «-
GNE-K Ab showed that the expression of GNE protein
overlapped with that of a-actinin (online suppl. fig. 1E-
G), in accord with the findings of a previous study [22].
Immunoelectron microscopy analysis of normal murine
muscle with a-GNE-K Ab showed that immunolabeled
gold particles were attached to the sarcomeric Z-lines
and I-bands (fig. 2A).
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Fig. 1. Immunohistochemical analysis of
GNE in CTX-injected murine gastrocne-
mius muscles. A-F Paraffin-embedded tis-
sue sections from noninjected murine gas-
trocnemius muscles (A, B), and at 1 day (C,
D) and 7 days (E, F) after CTX injection
were immunostained with «-GNE-K Ab.
Positive immunoreactivity (A, C, E) is sig-
nificantly decreased in competition exper-
iments (B, D, F). G-I Tissue sections from
murine gastrocnemius muscles at 2 days
after CTX injection were analyzed by dou-
ble-labeled immunostaining analysis with
a-GNE-K Ab (green) together with a-des-
min antibody (red). Immunoreactivity for
desmin is positive in viable myofibers and
negative in damaged myofibers. Results
were similar in at least 3 independent ex-
periments. Scale bars: 50 wm (A, B, E, F),
100 pm (C, D) and 20 pm (1).

Expression of GNE Protein Is Increased in Damaged

or Regenerating Myofibers of CTX-Injected Mice

To determine whether the expression pattern of GNE
is changed during the process of regeneration after mus-
cle injury, we investigated the expression pattern of GNE
in the gastrocnemius muscle after intramuscular injec-
tion of CTX. In accordance with previous reports [23, 24],
histological analysis showed that many destroyed or

194 Pathobiology 2010;77:191-199

damaged myofibers were present at 1 and 2 days after
CTX injection (online suppl. fig. 2A, B). At 4 days after
CTX injection, while the number of damaged myofibers
had decreased (38.1 & 5.8,39.1 £ 74,and 1.1 = 1.2 myo-
fibers per square millimeter CSA at 1, 2, and 4 days after
CTX injection, respectively, n = 3, p = 0.04), basophilic
regenerating myofibers with central nuclei were present
together with small mononuclear cells, probably includ-
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Fig. 2. Immunoelectron microscopy analysis of normal murine quadriceps muscle using a-GNE-K Ab (A), and
a negative control omitting the first antibody (B). Arrows indicate GNE protein localized to the Z-line. Scale
bar: 0.5 pwm.

ing activated satellite cells, fibroblasts and macrophages
(online suppl. fig. 2C). At 7 days after CTX injection, the
number of regenerating myofibers with central nuclei
had increased (79.3 * 31.1 and 188.5 * 69.6 myofibers
per square millimeter CSA at 4 and 7 days after CTX in-
jection, respectively, n =4, p=0.02) (online suppl. fig. 2D).

Immunohistochemical analysis demonstrated strong-
ly positive immunoreactivity with «-GNE-K Ab in myo-
fibers corresponding to those that had been found to be
damaged on histological analysis 1 and 2 days after CTX
injection (fig. 1C). This positive immunoreactivity was
significantly decreased by antigen competition (fig. 1D).
Double-labeled immunohistochemistry demonstrated
that desmin was downregulated in myofibers that were
strongly GNE positive (fig. 1G-I), suggesting that these
myofibers were severely damaged [25-29]. Furthermore,
Western blotting analysis revealed that the expression
level of GNE protein was significantly increased at 1 and
2 days after CTX injection (online suppl. fig. 3).

Positive immunoreactivity for «-GNE-K Ab was also
detected in both the cytoplasm and the central nuclei of
regenerating myofibers at 7 days after CTX injection, and
the immunoreactivity in regenerating myofibers was
stronger than that in nondamaged mature myofibers
with peripheral nuclei (fig. 1E). This immunoreactivity
was significantly decreased by antigen competition
(fig. 1F). We found that the immunoreactivity for GNE
protein in the nuclei relative to that in the cytoplasm of
regenerating myofibers was higher at 7 days than at 4 days

Induction of GNE in Myofibers after
Muscle Injury

after CTX injection (fig. 3A-F). The CSA of regenerating
myofibers was significantly increased at 7 days (492.1 *
193.4 um?, 276 myofibers) compared with that at 4 days
(188.0 + 72.5 wm?, 263 myofibers) after CTX injection
(p < 0.0001). Double-labeled immunohistochemistry
showed that some small mononuclear cells expressing
GNE coexpressed myogenin (fig. 3G-L), suggesting a
population of activated satellite cells.

Immunoelectron microscopy analysis using a-GNE-
K Ab showed immunolabeled gold particles attached to
the central nucleus; immunolabeled gold particles were
also present in the cytoplasm of regenerating myofibers
at 7 days after CTX injection (fig. 4A, B). Positive signals
were not distributed diffusely in the nucleus but were de-
tectable in the peripheral heterochromatin (fig. 4B) as
well as internal electron-dense regions (fig. 4B). Further-
more, positive signals were also detectable at the nucleo-
lus (fig. 4B).

Induction of GNE in Damaged or Regenerating

Myofibers Confirmed by qRT-PCR

To confirm the induction of GNE in damaged or re-
generating myofibers, we selectively collected damaged
or regenerating myofibers from sections of CTX-injured
muscle tissue using laser-capture microdissection, and
then measured the expression level of GNE mRNA by
gRT-PCR analysis. Consistent with the immunohisto-
chemical data (fig. 1C), the expression level of GNE
mRNA in damaged myofibers was evidently increased in
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Fig. 3. Double-labeled immunofluorescence of GNE in regenerat-
ing muscle. Tissue sections from murine gastrocnemius muscles
at 4 days (A-C and G-1) and 7 days (D-F, J-L) after CTX injection
were stained by HE (A, D), immunostaining with «-GNE-K Ab
(green) and nuclear staining (red) with propidium iodide (PI) af-
ter the sections had been incubated with ribonuclease (Sigma, To-

comparison with thatin nondamaged myofibers (fig. 5A).
Furthermore, the expression level of GNE mRNA in re-
generating myofibers was also increased in comparison
with that in control myofibers (fig. 5B). Thus, we con-
cluded that GNE is induced in both damaged and regen-
erating myofibers.

196 Pathobiology 2010;77:191-199

Myogenin  Merge

kyo, Japan) (B, C, E, F), and double-labeled immunostaining with
a-GNE-K Ab (green) together with a-myogenin antibody (red)
(G-L). G-1 and J-L correspond to the boxed areas in C and F, re-
spectively. Arrows indicate central nuclei in regenerating myofi-
bers. Scale bars: 50 pm (A-F) and 5 m (G-L).

Discussion

We found that the expression level of GNE was in-
creased in damaged and regenerating myofibers, GNE
was inducible not only by intramuscular injection of CTX
but also by touching the muscle with dry ice (data not
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Fig.4.Immunoelectron microscopyanalysis of GNE in regenerat-
ing myofibers at 7 days after CTX injection. A A representative
regenerating myofiber with a central nucleus. B High-power view
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of the boxed area in A. The arrowhead indicates the internal elec-
tron-dense region. Arrows indicate the peripheral heterochroma-
tin. N = Nucleolus. Scale bars: 2 um (A) and 0.5 pm (B).

Fig. 5. Upregulation of GNE mRNA in
damaged or regenerating myofibers. Dam-
aged myofibers at 1 day and 2 days after
CTX injection (A) and regenerating myo-
fibers at 7 days after CTX injection (B)
were selectively collected using laser-cap-
ture microdissection. The expression lev-

GNE/GAPDH mRNA

GNE/GAPDH mRNA
w
!

els of GNE mRNA in damaged myo-fibers
(A) and regenerating myofibers (B) were
analyzed by qRT-PCR, and expressed as
the fold change compared with the control
(nondamaged myofibers). GAPDH mRNA
was used as an internal control.

Fold change: (1)

1 day

(11.8) m

1 Control
Bl Damaged myofibers

2days Sample 1 Sample 2

7 days

(6.0) Fold change: (1) (5.0) (UBNER)

3 Control
Ml Regenerating myofibers

shown), suggesting that induction of GNE is not specific
to CTX but rather can be induced by various kinds of
muscle damage.

We showed that not only the expression level of GNE
mRNA but also that of GNE protein was increased in
damaged myofibers showing downregulation of desmin.
Proteolysis is usually activated in damaged myofibers
[28, 29]. Nevertheless, upregulation of some proteins,
such as calcium-dependent proteinase, calpain, and its

Induction of GNE in Myofibers after
Muscle Injury

endogenous inhibitor calpastatin [30, 31], proteasomes
[32], Bcl-2 and Bax [33], has been reported in necrotic
myofibers. Myofibrillar protein degradation in CTX-in-
duced myonecrosis, for example, is compatible with the
‘two-step’ mechanism; the first stage is associated with
cytosolic muscle proteinases, mainly calpains, responsi-
ble for limited proteolysis of a few key structural proteins
such as desmin; the second stage predominantly involves
leukocyte and macrophage proteinases, which cause

Pathobiology 2010;77:191-199 197
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widespread degradation of the most abundant myofibril-
lar components [28, 29]. These results suggest that prote-
olysis in damaged myofibers is not uniform. We speculate
that GNE protein in damaged myofibers is stable, at least
in comparison with desmin. Future studies of the mech-
anism responsible for degradation of GNE protein will
help answer this question.

Neural cell adhesion molecules (NCAM) are reported
to be polysialylated in regenerating myofibers in vivo and
in myotubes in vitro [34, 35], suggesting that sialic acid
has a role in muscle regeneration. It has also been report-
ed that a polysialylated form of NCAM (PSA-NCAM) is
expressed in regenerating myofibers as well as activated
satellite cells after muscle injury induced by sodium di-
hydrogen phosphate [36]. In this model, the regeneration
process is similar to that induced by CTX. PSA-NCAM is
reported to be associated with cell rearrangement and
migration during development [37]. However, the role of
PSA-NCAM in muscle regeneration remains to be eluci-
dated. It hasrecently been reported that polysialylation of
NCAM is reduced in the brain of heterozygous GNE-de-
ficient mice [38] as well as in GNE-deficient mouse em-
bryonic stem cells [8]. Therefore, we speculate that GNE
is induced and contributes to the regulation of sialic acid
biosynthesis in regenerating myofibers.

In addition, we found that GNE protein was markedly
localized in nuclei of regenerating myofibers at 7 days, as
compared with that at 4 days after CTX injection, sug-
gesting that the function of GNE alters during the regen-

eration process. The mechanism responsible for the nu-
clear localization of GNE is still unclear, although its
translocation from the cytoplasm to the nucleus may be
dependent upon some intracellular signaling process. Al-
ternatively, the relative stability of the protein may differ
between the nucleus and the cytoplasm in regenerating
myofibers. It has recently been reported that promyelo-
cytic leukemia zinc finger protein (PLZF) binds to GNE
[39]. PLZF is a sequence-specific DNA-binding tran-
scriptional repressor associated with corepressor mole-
cules such as N-CoR, Sin3A, SMRT and HDACI [40-43].
It has already been reported that the cytoplasmic enzyme
glyceraldehyde-3-phosphate dehydrogenase translocates
to the nucleus in response to oxidative stress and associ-
ates with the regulator of transcription factors, APE1
[44]). Therefore, we speculate that GNE functions as a
transcriptional regulator in regenerating myofibers via
binding to such corepressor complexes.
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Abstract

A 78-year-old female presented with coexisting primary angiitis of the central nervous system (CNS)
and cerebral amyloid angiopathy (CAA) manifesting as motor aphasia caused by a left frontal lobe le-
sion. Magnetic resonance imaging revealed an enhanced lesion with moderate surrounding
edema.Technetium-99m propylene amine oxime single-photon emission computed tomography showed
decreased cerebral blood flow (CBF) in the lesions, and high serum soluble-interleukin-2 level was de-
tected, suggesting intravascular lymphoma of the CNS. Cerebral biopsy revealed CAA with secondary
florid vasculitic appearance. The CBF and neurological symptoms, such as aphasia and dementia, reco-
vered following steroid treatment. Cerebral vasculitis associated with CAA should be included in the
differential diagnosis of an unusually enhanced lesion, because timely diagnosis and aggressive treat-
ment are critical to successful recovery in such elderly patients.

Key words: brain tumor, vasculitis, cerebral amyloid angiopathy

Introduction

Cerebral amyloid angiopathy (CAA) occasionally coexists
with cerebral vasculitis, including granulomatous angiitis
(giant cell arteritis) of the brain. Such angiitis may cause
amyloid deposition or vascular amyloid deposition may
secondarily induce granulomatous (giant cell) reaction.!?
Primary angiitis of the central nervous system (CNS) is a
serious type of inflammatory angiitis that only affects the
CNS vessels in the absence of an overt systemic inflamma-
tory process.! Early aggressive immunosuppressive ther-
apy substantially improves the outcome but may also
result in significant complications, so cerebral biopsy is
indicated to rule out other conditions that mimic or cause
CNS vasculitis.?) We treated a patient with CAA mimick-
ing a brain tumor.

Case Report

A 78-year-old female was admitted due to symptoms of
motor aphasia and dementia. Magnetic resonance (MR)
imaging demonstrated large confluent hyperintense areas
predominantly in the white matter on T,-weighted or
fluid-attenuated inversion recovery images (Fig. 1A). T;-

weighted MR imaging with contrast medium showed
decreased intensity with mild parenchymal enhancement
in the left frontal lobe (Fig. 1B-D), consistent with either

Received June 9, 2009; Accepted August 25, 2009
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Fig. 1 (A) Preoperative T,-weighted magnetic resonance (MR)
image demonstrating a high intensity lesion in the left frontal
lobe. (B) Preoperative T,-weighted MR image demonstrating a

low intensity lesion. (C, D) T,-weighted MR images with
gadolinium showing mildly enhanced lesions.
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Fig. 2 Photomicrographs showing leptomeningeal infiltration
of lymphocytes (A: hematoxylin and eosin [HE] stain, X40),
angiitis with transmural inflammation and fibrinoid necrosis
(B: HE stain, X 400), angiitis with large multinucleated giant
cells (C: HE stain, x400), thickened blood vessel (D: HE stain,
xX400), and presence of amyloid angiopathy (E: Dylen stain,
X 400).

tumor enhancement or infection/inflammation (encephali-
tis). Cerebral angiography revealed neither eccentric nar-
rowing of medium-sized vessels nor concentric narrow-
ing, which are characteristic findings of vasculitis. Tech-
netium-99m propylene amine oxime single photon emis-
sion computed tomography showed decreased cerebral
blood flow (CBF) in the lesions. However, gallium scin-
tigraphy revealed weak accumulation.

Peripheral white blood cell count was normal, but se-
rum C-reactive protein (0.81 mg/dl) and soluble-interleu-
kin-2 receptor (790 U/ml) levels were slightly increased.
Cerebrospinal fluid analysis showed no abnormalities and
cultures and cytology findings demonstrated negative
findings.

The preoperative differential diagnosis included lym-
phoma (intravascular lymphoma), leukoencephalopathy
(progressive multifocal leukoencephalopathy, viral en-
cephalitis, autoimmune disease, etc.), acute disseminated
encephalomyelitis, and vasculopathy/vasculitis.

Left frontal osteoplastic craniotomy under general
anesthesia and cerebral biopsy (meninges, cortex, and
white matter) were performed. The histological diagnosis
was primary angiitis of the CNS, or granulomatous, giant
cell, or isolated angiitis (Fig. 2A-C). Vessels showing pri-
mary angiitis of the CNS were concomitantly affected by
amyloid angiopathy, characterized as markedly thickened
eosinophilic walls with round profiles (Fig. 2D). Dylon
staining confirmed amyloid deposition in the walls of
most vessels (Fig. 2E), including all of the inflamed ves-
sels, in the leptomeninges, and the cortical gray matter. In
addition, some vessels showed fibrinoid necrosis with
mild lymphocytic and histiocytic infiltrates.

Prednisone (50 mg/day) was administered. The patient’s
dementia gradually improved and she was able to speak
again. The CBF abnormalities also resolved. She con-
tinued to take 5mg oral prednisone daily. Substantial

Neurol Med Chir (Tokyo) 50, April, 2010

reversal of the MR imaging changes in the white matter
was observed. The patient has been followed up for more
than 2 years and no signs of relapse have been observed.

Discussion

Primary angiitis of the CNS is defined as vasculitis res-
tricted to the small leptomeningeal and parenchymal arte-
ries and veins without apparent systemic involvement. In
our case, laboratory investigations demonstrated normal
findings for autoantibodies. On the other hand, CAA is a
disease of the elderly, characterized by the deposition of
amyloids in the cortical and leptomeningeal vessels. The
association of CAA with only vascular inflammatory
changes (‘vasculitis’) is thought to be extremely rare.
However, the coexistence of CAA and granulomatous an-
giitis has been reported in several cases and is well recog-
nized. The amyloid proteins are reported to be S-protein
and AL (amyloid protein derived from immunoglobulin
light chains). Clinical and laboratory evidence of cerebral
angiitis is present in some patients,!” but not in others,
and some patients present with radiological evidence of
mass lesions.?57:9-11) Granulomatous angiitis of the CNS is
defined histologically by granulomatous inflammation of
the cerebral blood vessels. Different conditions such as in-
fection and altered immune state may induce granuloma-
tous angiitis, suggesting that granulomatous angiitis is not
a unique disease but represents a nonspecific immune
reaction to injury to the blood vessels induced by amyloid
deposition.?

Primary angiitis of the CNS can present as a number of
clinical patterns, but the three dominant features are usu-
ally encephalopathy, headache, and focal neurological
signs to various degrees. The pattern of clinical presenta-
tion in the CAA and primary angiitis of the CNS groups is
similar. The most common clinical features in cerebral
vasculitis associated with CAA are changes in the mental
status (confusion states, poor memory/concentration or
impaired conscious level), often leading to frank demen-
tia, headache, hallucinations, and seizures.®

Diagnostic imaging can be difficult in such patients.
Cerebral vasculitis associated with CAA and vascular in-
flammation often appears as prominent white matter
changes on computed tomography and MR imaging. The
white matter changes result from a combination of vascu-
lar compromise ischemia, hemorrhage, edema, and
atrophy. Angiography has low sensitivity and specificity,
with an enormous number of inflammatory, metabolic,
malignant, or other vasculopathies mimicking CNS vascu-
litis. In our case, preoperative imaging showed the typical
cerebral vasculitis associated with CAA. However, the
present diagnosis could not have been established without
biopsy. Therefore, cerebral biopsy with histological con-
firmation remains the ‘gold standard’ for an accurate diag-
nosis.1)

Untreated primary angiitis of the CNS inevitably
progresses to death, often within a year of onset. However,
the outcome for patients with cerebral vasculitis associ-
ated with CAA varies considerably. The administration of
high dose corticosteroids is the mainstay treatment for
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this disease. Cyclophosphamide is also given as an im-
munosuppressive therapy. The response rate to medical
therapy in cerebral vasculitis associated with CAA is 60%,
with spontaneous recovery in only 5%.% Autopsy evidence
suggests that immunosuppreésive treatment decreases the
amyloid burden.? On the other hand, sustained or dramat-
ic improvements are rarely observed.®’ Among six patients
with histology-positive primary angiitis of the CNS, two
died, one suffered severe disability, two had moderate
disability, and one had minor disability. All had received
steroid and/or further immunosuppression therapy with
no clear pattern of response to the treatment. However, in
the present patient, high dose prednisone treatment (50
mg/day), as the initial induction therapy, promoted the
healing of the progressive vessel inflammation, and low
dose prednisone (5mg/day) also effectively prevented
relapse for more than 2 years. The preoperative differen-
tial diagnosis included intravascular lymphoma. There-
fore, biopsy was promptly performed. Cerebral vasculitis
associated with CAA should be included in the differential
diagnosis in elderly patients, because timely histological
diagnosis and aggressive treatment are critical to the suc-
cessful recovery of such patients.
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Abstract A 38-year-old male was admitted to our hospital
because of periungual nailfold an erythema and erythema-
tous rash on the dorsal joints of his hands and feet, but
no muscle weakness. He was thus diagnosed to have
amyopathic dermatomyositis. He had moderate hypoxemia
and his chest computed tomography scans demonstrated
bilateral ground-glass opacities, implicating complication
with interstitial pneumonia. Therapy was initiated with
pulsed methylprednisolone followed by high-dose cortico-
steroids, pulsed cyclophosphamide, and cyclosporine. The
skin manifestations improved; however, the pulmonary
infiltrates and hypoxemia deteriorated during the 2-month
period of the treatment. The treatment was switched from
cyclosporine to tacrolimus because of an inadequate clinical
response to the therapy, and this resulted in the resolution of
interstitial pneumonia. This case indicates that tacrolimus
administration should be considered for patients with this
life-threatening disorder when it is judged to be refractory
to cyclosporine.

Keywords Amyopathic dermatomyositis -
Interstitial pneumonia - Tacrolimus
Introduction

Progressive interstitial pneumonia associated with amyopathic
dermatomyositis (ADM) has been reported to show poor a
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response to therapy and has high mortality [1]. Recent reports
suggest that early administration of cyclosporine for this life-
threatening condition provides a favorable prognosis for
some patients, but not for all [2-3]. This report presents a
case with progressive interstitial pneumonia associated with
ADM refractory to a combination therapy with high-dose
corticosteroids, pulsed cyclophosphamide, and cyclosporine,
in which a switch from cyclosporine to tacrolimus resulted in
the resolution of the interstitial pneumonia.

Case report

A 58-year-old male was admitted because of a 1 month
history of dyspnea on effort, general fatigue, low grade
fever, and rashes, including periungual nailfold erythema,
Gottron's papules on the metacarpophalangeal joints, and
erythema around the elbow and knee joints. A deep skin
biopsy showed a perivascular inflammatory infiltrate con-
taining numerous lymphocytes in the upper dermis,
consistent with the characteristic histopathological changes
associated with dermatomyositis. The whitc blood cell
count was 15,300/pl with 89.2% neutrophils and C-reactive
protein level was 0.68 mg/dl (<0.21 mg/dl). The anti-
nuclear antibody titer was eclevated (x160), but anti-
histidyl-tRNA synthetase antibodies (anti-Jo-1) were not
detected. The creatine kinase level was slightly elevated
(502 TU/L: 62-287 TU/L) and the aldorase was normal
(5.2 TU/L: 2.1-6.1 TU/L). No muscle weakness was noted,
and electromyography did not detect any abnormal wave.
No myositis was detected in the muscle biopsy specimens
obtained from the biceps. Therefore, ADM was diagnosed
based on the criteria by Sontheimer [1].

He had experienced exertional dyspnea for a month. Fine
crackles were audible bilaterally. An arterial blood gas
analysis revealed pH of 7.381, PaO- of 65.3 Torr, and
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PaCO» of 40.7 Torr. The circulating level of KL-6, a marker
of interstitial pneumonia, was elevaled with a value of
1,300 U/ml (<500 U/ml). A chest roentgenogram revealed
faint reticular shadow in both lower lung fields. Chest high-
resolution computed tomography (HRCT) scans showed
bilateral subpleural reticular opacity with ground-glass
attenuation (Fig. la). Bronchoalveolar lavage fluid (BALF)
contained 2.93x10° cells/ml with 31.3% lymphocytes and
19.3% neutrophils. A CD4/CDS8 ratio was 0.98. Cultures of
blood, urine, and BALF to detect bacteria, fungi, and
mycobacteria were negative and serological tests for
atypical pathogens including Mycoplasma pneumoniae,
Clamydia pneumoniae, and Legionella were negative as
were (3-D glucan and cytomegalovirus antigenemia.

The patient was thus diagnosed to have interstitial
pneumonia associated with ADM, and therapy was initiated
with methylprednisolone pulse-therapy (1 g/day, intrave-
nously for 3 days) followed by high-dose oral prednisolone
(60 mg/day), cyclosporine, and monthly pulsed cyclophos-
phamide (500 mg, intravenously). A trough value of
cyclosporine was maintained between 100 and 150 ng/ml.
The administration of this treatment regimen for 2 months,
improved the skin manifestations; however, the chest
images gradually deteriorated with lung shrinkage in chest
roentgenograms and increased ground-glass opacities with
patchy consolidation in HRCT scans (Fig. Ib). Because of
the progressive hypoxemia, the patient was forced to
receive high-dose oxygen. The interstitial pneumonia was
judged to be refractory to the combination therapy
including cyclosporine; therefore, the decision was made
to switch the immunosuppressant from cyclosporine to
tacrolimus with the minimum serum levels maintained

between 5—10 ng/ml. This resulted in the gradual improve-

(a)

Fig. I a A chest roentgenogram
on admission shows a faint
reticular shadow in bilateral
lower lung fields. Chest
high-resolution computed
tomography scans show bilateral
subpleural reticular opacities
with ground-glass attenuation.
b A chest roentgenogram
reveals increased reticular
shadows with lung shrinkage
during the 2 months of
combination therapy including
cyclosporine and the chest
HRCT scans also show in-
creased ground-glass opacities
with patchy consolidation. ¢ A
chest roentgenogram and chest
HRCT scans 9 months after the
administration of tacrolimus
show dramatic improvement of
pulmonary infiltrates and
shrinkage of the lung

@ Springer

ment of arterial blood gasses and the infiltrates in chest
images. The lung opacities were almost resolved after the
9 months of tacrolimus administration, when prednisolone
was tapered 0 [7.5 mg daily (Fig. lc), and oxygen
inhalation was not needed even on exercise. The patient
experienced a cytomegalovirus infection as an adverse
event during the course of combination therapy including
tacrolimus. The infection was diagnosed based on the
detection of the virus by antigenemia and it was success-
fully treated with ganciclovir.

Discussion

Interstitial pneumonia associated with ADM often shows
aggressive course leading to death [2]. The early adminis-
tration of cyclosporine in combination with high-dose
corticosteroids is usually capable of decreasing the mortality
in this fatal complication of ADM [3, 4]; however, numerous
patients have died of respiratory failure despite ecarly
administration of cyclosporine [5. €]. In this case, a switch
of the immunosuppressant from cyclosporine to tacrolimus
resulted in the resolution of interstitial pneumonia. This is the
first reported case of a patient being rescued by using
tacrolimus for progressive interstitial pneumonia associated
with ADM, which was resistant to the conventional
immunosuppressive therapies.

The lymphocyte number in the BALF was increased in
this patient, similar to that reported in the previous papers
[3-5]. Therefore, activated T lymphocytes may play a role
in the pathogenesis of ADM as well as classical dermato-
myositis; therefore, cyclosporine, a potent T-cell inhibitor,
is employed for the treatment of progressive interstitial

(b) (©)
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pneumonia associated with ADM. However, previous
papers disclosed that the efficacy of cyclosporine is limited
[5. 6]. In this patient, a switch from cyclosporine to
tacrolimus led to rescue the patient, indicating that
tacrolimus may be superior to cyclosporine. Tacrolimus is
a macrolide immunosuppressant with actions similar to
those of cyclosporine, but the potency of tacrolimus in
inhibiting in vitro T-cell activation and proliferation is up to
100 times greater than that of cyclosporine [7]. Although
cyclosporine promotes the production of transforming
growth factor, transforming growth factor beta (TGF-f3)
[8]. tacrolimus reduces the TGF-{3 type [ receptor expres-
sion on peripheral blood cells, followed by the inhibition of
intracellular signal associated with TGF-f {9]. Moreover,
the conversion from cyclosporine to tacrolimus induces the
down-regulation of MCP-1 production in BALF [10],
which has been elucidated to be one of the key chemokines
in the pathogenesis of lung fibrosis [11]. These molecular
mechanisms of tacrolimus may thus have led to the
resolution of interstitial pneumonia in this case.

Although no cases with progressive interstitial pneumonia
associated with ADM treated with tacrolimus were found in
the literature, the drug has been used for patients with
interstitial pneumonia associated with dermatomyositis
(DM)/polymyesitis (PM). Oddis et al. [12] treated five patients
with anti-Jo-1 antibody-positive interstitial pneumonia and
clinical improvement was obtained in three patients and
disease stabilization was observed in another patient. Wilkes
et al. [13] reported that DM/PM patients with refractory or
severe interstitial pneumonia were all successfully treated
with tacrolimus.

In summary, this case report suggests an alternative
therapeutic option for progressive interstitial pneumonia associ-
ated with ADM refractory to cyclosporine. When interstitial
pneumonta in ADM patients develops despite conventional
immunosuppressive therapies including cyclosporin, a
switch fiom cyclosporine to tacrolimus should be considered
to rescue the patients. Further experience and clinical studies
are therefore required to determine whether tacrolimus should
be used prior to cyclosporine.

Disclosures None.
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Increase of tumor necrosis factor-oa in the blood induces
early activation of matrix metalloproteinase-9 in the brain
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ABSTRACT

Increases of cytokine in the blood play important roles in the pathogenesis of influenza-associated
encephalopathy. TNF-« was administered intravenously to wild-type mice, after which blood, CSF and
brain tissue were obtained, and changes in BBB permeability; theamounts of MMP-9and TIMP-1, and the
localization of activated MMP were assessed. There was a significant increase in BBB permeability after
6 and 12 hr. MMP-9 was increased after 3 hr in the brain and cerebrospinal fluid, which was earlier than
in the serum. TIMP-1 protein in the brain increased significantly after MMP-9 had increased. Activation
of MMP-9 was observed in neurons in the cerebral cortex and hippocampus, and in vascular endothelial
cells. These findings suggest that an increase in blood TNF-« promotes activation of MMP-9 in the brain,
and may also induce an increase in permeability of the BBB. Early activation of MMP-9 in the brain may
contribute to an early onset of neurological disorders and brain edema prior to multiple organ failure
in those inflammatory diseases associated with highly increased concentrations of TNF-« in the blood,
such as sepsis, burns, trauma and influenza-associated encephalopathy. '

Key words blood-brain barrier, influenza associated encephalopathy, matrix metalloproteinase-9, tumor necrosis factor-

aipha.

TNF-« is a pleiotrophic pro-inflammatory cytokine which
is produced by various cells including activated mono-
cytes, macrophages, B and T cells and fibroblasts. TNF-«
plays a role in the induction of septic shock, autoimmune
diseases, rhenmatoidarthritis, inflammation and diabetes.
TNF-« can change the permeability of the BBB where there
is inflammation in the brain, as observed in meningitis (1),
brain abscess (2) or brain ischemia (3).

MMP belong to a family of zinc-dependent proteolytic
enzymes which are capable of degrading the components
of the extracellular matrix in a variety of physiological and
pathological conditions including embryogenesis, cell mi-
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gration, tissue modeling, wound healing, and inflamma-
tion (4, 5). MMP are secreted as inactive pro-forms which
are activated in proteolytic cascade reactions to yield ac-
tive MMP. An uncontrolled increase in active MMP can
result in tissue injury and persistent inflammation. MMP-
9, a member of this enzyme family, is capable of degrading
collagen IV, a major component of the basal membrane
of the cerebral vascular endothelium, while also promot-
ing a disruption of the BBB. MMP-9 is involved in acute
brain injury such as cerebral ischemia (6-9), intracerebral
hemorrhage (10, 11), neurodegenerative diseases (12, 13)
and bacterial infections (14-16). In addition, MMP-9 is
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produced in the brain by several cell types, including en-
dothelial cells, microglia, astrocytes, and neurons. MMP-9
activity is strictly regulated via gene transcription and dy-
pamic inhibition by TIMP-1.

Acute encephalopathy, a severe complication of in-
fluenza infection in children, often results in severe brain
edema and a grave prognosis (17). Several studies have
demonstrated that concentrations of inflammatory cy-
tokines, such as TNF-e, interleukin-6 and interleukin-18,
areincreased in the serum or CSF ofthese patients (18-20).
Interestingly, although neurological symptoms can occur
at an early stage and a severe prognosis can easily follow,
no influenza virus is found in the brain. Although these
facts suggest that inflammatory cytokines are involved
in the development of neurological injury in influenza-
associated encephalopathy, the mechanism is still unclear.
In the acute phase, serum concentrations of MMP-9 are
much greater in influenza-associated encephalopathy than
in influenza infection with no neurologic complications
(21).

Although in vitro TNF-a can induce MMP-9 activation
in varjous cells, such as macrophages, granulocytes, astro-
cytes, neurons, microglial cells, brain endothelial cells and
choroid plexus epithelial cells, there have so far been no
reports describing whether, invivo, MMP-9is actuallyacti-
vated in thebrain in response to an increase of serum TNF-
. The current study evaluated time-dependent changes
in the amount of MMP-9 in brain tissue, serum and CSE
to determine the relationships between increases in serum
TNF-& and activation of MMP-9 in the brain. In addi-
tion, under conditions of experimental hypercytokinemia
with TNF-a in vivo, this study also showed changes in the
brain inboth TIMP-1 protein and localization of increased
MMP.

MATERIALS AND METHODS

Animals

Eight-week-old male C57BL/6 mice weighing 25-30 g
were obtained from Japan SLC, Shizuoka, Japan. The an-
imals were housed in an air-conditioned room with a
12-hr light/dark cycle and free access to food and water.
All procedures involving the animals were conducted in
accordance with the Guidelines for Animal Experiments at
Okayama University Advanced Science Research Center.

Treatment of animals and tissue preparation

One hundred pg/kg of murine recombinant TNF-«, IL-6
or IL-18 (Pepro Tech EC, London, UK) was injected intra-
venously into mice. Some mice were treated with saline as
a vehicle control using the same volume and time sched-

418

ule as for the cytokine treatments. The mice were deeply
anesthetized with 1% halothane in 30% oxygen and 70%
nitrous oxide using a face mask at 0, 3, 6, 12, 24 and 48 hr
after the intravenous injection, and both blood and CSF
quickly collected. They were then perfused transcardially
with ice-cold PBS, after which their brains were quickly
removed, divided into hemispheres, immediately frozen
in liquid nitrogen, and stored at —80°C. After complete
coagulation the blood samples were centrifuged at 3000 g
for 10 min. The supernatants were collected and stored at
—80°C. CSF samples were directly stored at —80°C.

Quantitative evaluation of extravasation
of Evans blue

Vascular permeability was quantitatively evaluated using
Evans blue dye. 2% Evans blue (Wako, Osaka, Japan) in
saline was injected intravenously (4 ml/kg) as a BBB per- .
meability tracer 1 hr prior to the termination of each time
point (n = 5 per time point). The mice were killed one
hr after this injection and then transcardially perfused
with 100 ml of ice-cold PBS to remaove the intravascular
dye. The brains were removed, homogenized in 1 ml of
50% trichloroacetic acid, and then centrifuged (10 000 g,
20 min). A spectrophotometer was used to quantify the
dye concentrations at 605 nm. The calculations were based
on external standards (50-1000 peg/ml) dissolved in the
same solvent. The amount of extravasated Evans blue was
guantified as one microgram per gram of brain.

MMP inhibition in vivo

Intraperitoneal GM6001 (Calibiochem, San Diego, CA,
USA) at 65 mg/kg or vehicle (1.5 ml of 10% dimethyl sul-
foxide) was injected 1 hr before administration of TNF-c..
Six hours after the administration of TNF-a, 2% Evans

blue dye was injected intravenously and the brains dis-
sected out 1 hr later.

Protein extraction

All procedures were carried out at 4°C. The brains were
homogenized in a Polytron homogenizer (Paterson, NJ,
USA) in 2 ml of working buffer (50 mM Tris-HC], 150 mM
NaCl, 5 mM CaCl,, 1% Triton X-100, 0.05% BRIJ-35) and
centrifuged, then the supernatants were stored at —80°C
for further analysis. The total protein concentration was
measured using the BCA protein assay kit (Pierce Biotech-
nology, Rockford, IL, USA). The total protein concentra-
tion of the serum samples was also measured using the
same method.
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ELISA

ELISA was used to measure the amounts of MMP-3,
MMP-9 and TIMP-1 in order to detect the proteins that
were expressed in the brain (n = 5 per time point). The
MMP-9 assay recognizes both the pro- and active forms of
MMP-9. Each capture antibody, the biotinylated detection
antibodies, protein standards, and detection reagents for
the ELISA were obtained from R&D Systems (Minneapo-
lis, MN, USA).

Gelatin zymography

Equal amounts of prepared protein samples were diluted
in twice the volume of sample buffer (125 mM Tris-
HC], 20% glycerol, 4% SDS, 0.003% bromophenol blue)
without B-mercaptoethanol and were then loaded onto
10% SDS-PAGE gels containing 1% gelatin under non-
reducing conditions. The gels were separated by elec-
trophoresis at 4°C. After electrophoresis, the gels were
washed twice for 20 min each in renaturing buffer con-
taining 2.5% Triton X- 100 at room temperature to remove
any SDS, and were then incubated for 24 hr in developing
buffer (10 mM CaCl2, 50 mM Tris, 50 mM NaCl) at 37°C.
After incubation, the gel was stained for 1 hr with 0.5%
Coomassie blue G-250 in 40% methanol and 10% acetic
acid and was then destained in the same buffer without

dye.

In situ gelatin zymography

In situ gelatin zymography was performed with DQ-
gelatin-FITC (Molecular Probes, Eugene, OR, USA) on
frozen fresh brain slices obtained from the mice. The
brains were dissected out, immediately embedded in
Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo,
Japan) and frozen on dry ice. Ten um thick coronal sec-
tions were cut using a cryostat, and then air-dried for
30 min at room temperature, re-hydrated in PBS and in-
cubated overnight at 37°C with 40 pg/ml of DQ-gelatin-
FITC in PBS. Excess fluorogenic substrate was removed
by washing three times in PBS. The brain slices were incu-
bated with DQ-gelatin-FITC including the MMP inhibitor
GM6001 (Calibiochem) to determine whether the gelati-
nolytic activity was due to matrix metalloproteinases. Af-
ter in situ gelatin zymography had been done, immuno-
histochemistry was performed on the same brain sections
to assess the cellular localization of gelatinases. Neurons
were stained with NeuroTrace fluorescent Nissl stain solu-
tion (1:100; Molecular Probes), astrocytes with anti-GFAP
antibody (1:200; Molecular Probes) and cerebral vascu-
lar endothelial cells with anti-claudin-5 H-52 antibody
(1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
After blocking with 2% BSA the sections were incubated
for 20 min at room temperature with NeuroTrace fiu-

(© 2010 The Sodieties and Blackwell Publishing Asia Pty Lid

orescent Nissl stain solution to stain the neurons. After
washing in PBS, the sections were incubated for 2 hr at
room temperature. The sections were treated with primary
antibodies for astrocytes or vascular endothelial cells for
2 hrat 37°C after blocking. The sections were then washed
in PBS, and incubated with secondary antibody solutions
(anti-rabbit Alexa Fluor 594, 1:200; Molecular Probes) for
30 min at 37°C. Finally, the slides were washed in PBS and
mounted on Vectashield mounting medium (Vector Lab-
oratories, Burlingame, CA, USA). The tissue sections were
photographed by fluorescence microscopy (Keyence BZ-
9000) using the Keyence BZ-2 system (Keyence, Osaka,
Japan).

Statistical analysis

All analyses were performed using the SPSS for Windows
software package (SPSS, Chicago, IL, USA). Quantitative
data were expressed as the mean =+ d standard deviation.
Statistical comparisons were conducted using ANOVA fol-
lowed by the Tukey—Kramer tests for multiple compar-
isons. Differences with a P value of < 0.05 were considered
to be statistically significant.

RESULTS

Quantitative evaluation of Evans blue
extravasation

Changes in vascular permeability of the BBB were ob-
served by measuring the amount of Evans blue leaking
into the brain from the blood. Intravenous murine TNF-o
induced a significant increase in Evans blue leaking out-
side the blood vessels 6, 12 and 24 br later, in comparison
to that found at the time of TNF-« injection (P < 0.05;
Fig. 1). Intravenous saline as contro} produced no change
in the amount of extravasated Evans blue up until 48 hr
later. In comparison to the controls, significant increases
in Evans blue extravasation were also seen both 6 and 12 hr
after TNF-e injection (P < 0.05). Murine recombinant IL-
6 and IL-18 administered in the same way had no effect
on the amount of extravasated Evans blue into the brain
24 and 48 br later (Fig. 2a, b).

Effect of MMP inhibition on Evans blue
extravasation '

GM&6001 is a potent broad-spectrum inhibitor of matrix
metalloproteinases and has been used in a number of an-
imal models of disease where matrix metalloproteinases
are thought to be involved. GM6001 solution was admin-
istered intraperitoneally prior to intravenous injection of
TNF-a. Extravasated dye in the brain was measured 6 hr
after injection of TNF-a. The amount of extravasated

419

- 220 -



M. Tsuge et al.

1
"

i
i

' THF.a

Extravasated Evans blue (ug/g bran)
-~

] 3 § 12 2 48
Hours after injection of TNF-a

Fig. 1. Quantitative evaluation of Evans biue extravasation in the brain
after intravenous injection of TNF-a {100 ug/kg). Extravasated Evans
blue is expressed as ug/g of brain tissue. The values represent the mean
+ standard deviation {n = 5 per time point). *P < 0.05, in comparison
to 0 hr after TNF-z administration; **£ < 0.05, in comparison to saline
administration at the each time point.
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Fig. 2. Quantitative evaluation of Evans blue extravasation after intra-
venous injection of (a) IL-6 (100 ug/kg) and (b) IL-18 (100 ug/kg). The
amount of extravasated Evans blue dye had not changed by 48 hr after
the injection (n = 5 per time point).
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Fig. 3. Inhibition of the increase in Evans biue extravasation after intra-
venous injection of TNF-a (100 uo/kg) by intraperitoneal administration
of an MMP inhibitor {(GM6001). The values represent the mean + stan-
dard deviation (n = 8 per time paint). *P < 0.05.

dye was found to be significantly less in the brains of mice
treated with GM6001 solution than in mice treated with
solvent solution only (P < 0.05; Fig. 3).

MMP-3, MMIP-9 and TIMP-1 protein in the
brain

Time-dependent changes in MMP-9 and TIMP-1 pro-
teins in the brain after TNF-v injection were evaluated
using ELISA. The assay for MMP-9 was designed to mea-
sure total mouse MMP-9 (pro-MMP-9, active MMP-9 and
TIMP-complexed MMP-9). MMP-9 protein in the brain
was increased significantly at 3 hr postinjection (P < 0.01),
and gradually decreased thereafter (Fig. 42). TIMP-1 pro-
tein in the brain was significantly increased at 12 hr post
injection (P < 0.01), but had decreased significantly by
24 hr post injection (Fig. 4b). Time-dependent changes
in MMP-3 protein in the brain were also evaluated us-
ing ELISA. MMP-3 protein was not detected in the brain
(Fig. 4c). MMP-3 protein was detected from 0 to 48 hr in
the serum, but was not significantly increased.

MMP-2 and MMP-9 in the brain, serum
and CSF

After electrophoresis under non-reducing conditions,
gelatin zymography classically produces two bands for
murine MMP-2 (proenzyme and active forms; 72 and
65 kDa, respectively) and murine MMP-3 (proenzyme
and active forms; 105 and 97 kDa, respectively) on the
basis of molecular weight. Time-dependent changes in
MMP-9 in the brain, serum and CSF were evaluated using

© 2010 The Societies and Blackwell Publishing Asia Pty Ltd

~ 221 -



Pathogenesis of influenza encephalopathy

2.5 -

MMP.9 {nafg protaing

0 3 6 12 24 43
Hours afier injeclion of TNF -«

- N
™ [=]
¥

TIMP-1 (ng/g proten)

>
L] o
T g s 2 e

o

0 3 6 12 24 43
Hours after injection of TNF-a

~

0.8

06

MMP.2 {ng/qg protein)

0 3 6 W2 2¢ 48
Hours after mjection of TNF-x

Fig. 4. Time-dependent changes in the amounts of (a) MMP-9, (b) TIMP-
1 and (c) MMP-3 protein in the brain after intravenous injection of TNF-o
as quantified by ELISA. The amount of each protein is expressed as
no/g of brain tissue. The values represent the mean = standard devia-
tion (n = 5 per time point). *P < 0.01, in comparison to at the time
of TNF-a administration; **P < 0.05, in comparison to at the time of
TNF-a administration; ***P < 0.01, in comparison to 12 hr after TNF-a
administration.

gelatin zymography. MMP-9 increased predominantly in
the active formi in the brain, serum and CSE. The amounts
of active MMP-9 in the brain and CSF peaked 3 hr after
injection (Fig. 5). In comparison, the amount of active-
MMP-9 in the serum was increased at 6 hr after injection.

MMP-2 degrades gelatin as well as MMP-9. Active MMP- .

2 was continuously detectable in the brain and CSF from
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Fig. 5. Gelatin zymography after intravenous injection of TNF-o
(100 ugkg). Active MMP-9 was detectable in the brain, serum and
CSF. MMP-9 increased transiently after the injection, and active MMP-9
in the brain and CSF were detected earlier than in the serum. MMP-2
was continuously detectable and demonstrated no significant changein
the brain and CSF until 48 hr later, but MMP-2 increased in the serum
at 6 and 12 hr post injection.

0 to 48 hr and did not seem to change significantly af-
ter administration of TNF-a. In contrast, both forms of
MMP-2 were strongly detectable in the serum at 12 hr
post injection. No other bands were detected by gelatin

zymography.
Localization of gelatinases in the brain

MMP-9 can degrade not only collagen VI, but also gelatin.
In situ gelatin zymography was used to determine in which
parts of the brain gelatinases increased after TNF-a injec-
tion. After the brain had been put on gelatin labeled with
FITC and incubated, the sites where there were activated
gelatinases could be detected by the presence of digestion
of the gelatin. We found that gelatinolytic activity was in-
creased in the brain 3 hr later. In addition, in situ gelatin
zymography with MMP inhibitor showed a decrease in
most FITC signals (Fig. 6). Double staining with Nissl dye
demonstrated that gelatinolytic activation was localized
to the neurons of the cerebral cortex and hippocampus
(Fig. 7). Activation was also detected in vascular endothe-
lial cells by double staining with claudin-5. Astrocytes were
found to come into contact with, or be surrounded by, cells
that were positive for gelatinase activity, rather than being
colocalized with this activity.

DISCUSSION

An increase in the vascular permeability of the BBB was
induced by intravenous administration of murine recom-
binant TNF-a in vivo. Intracranial administration of TNE-
o increases the permeability of the BBB in vivo (22). In
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