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Abstract Induction of gelatinase in eosinophilic menin-
gitis of BALB/c-strain mice was caused by Angio-
strongylus cantonensis. Time-course studies showed that
the molecular weight of 94-kDa gelatinase was detected
at day 10 post-inoculation (PI), and reached a high
intensity from days 15 to 25 PI. The 94-kDa gelatinase
activity was clearly inhibited by EDTA and 1,10-phe-
nanthroline, but not by leupeptin and phenylmethane-
sulphonyl fluoride. When immunoblots were performed
using specific antiserums against the 94-kDa gelatinase B
(matrix metalloproteinase-9; MMP-9) with cerebrospinal
fluid (CSF), the 94-kDa immunopositive band was
MMP-9. Immunohistochemistry studies demonstrated
MMP-9 localisation within eosinophils and macro-
phages. The increased MMP-9 activity was closely
associated with the rapid rise of CSF eosinophils, and the
inflammatory reaction of the subarachnoid space. In
contrast to changes in MMP-9, MMP-2 activity was
constitutive and unaffected in this parasitic meningitis.
These results show that MMP-9 was associated with
eosinophilic meningitis, and that the enzyme may be a
useful marker for angiostrongyliasis meningitis.

Introduction

Angiostrongylus cantonensis is a parasitic nematode and
a zoonotic parasite, whose mature adults reside in the
pulmonary arteries of rats. Eggs hatch in the lungs, and
first-stage larvae pass out in the faeces, then enter a
molluscan intermediate host where they moult twice.
The infective third-stage larvae orally infect the final
host, and are carried in the blood to the central nervous
system (CNS), where they moult twice to become
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immature adults and enter the subarachnoid space. In a
permissive host (rodents), immature adults migrate from
the brain to the lungs (Alicata 1965; Muller 1975).
However, in non-permissive hosts (humans and mice),
the immature adults remain in the CNS of the hosts, and
this infection is the main cause of eosinophilic meningitis
and eosinophilic meningoencephalitis (Hsu et al. 1990;
Ismail and Arsura 1993). Mice infected with A. canton-
ensis-caused pathogenesis of eosinophilic meningitis
reach a peak at around 3 weeks and, in parallel with this
pathogenesis, infected mice showed a gradual increase in
cerebrospinal (CSF) eosinophilia, reaching a peak at the
same time (Sugaya and Yoshimura 1988; Sasaki et al.
1993).

Matrix metalloproteinases (MMPs) are a family of
zinc metallo-endopeptidases that regulate cell-matrix
composition (Matrisian 1992). The MMPs are produced
as zymogens, with a signal sequence and propeptide
segment that must be removed during activation. The
propeptide domain contains a conserved cysteine, which
chelates the zinc in the active site (Birkedal-Hansen et al.
1993). These proteinases play an essential role in the
remodelling of connective tissue under physiological and
pathological conditions, and as modulators of inflam-
mation. An emerging body of evidence points to MMPs
as important factors in the pathogenesis of meningitis.
Increased levels of MMP-9 were detectable in CSF
samples from patients suffering from viral (Kolb et al.
1998), bacterial (Gijbels et al. 1992; Kieseier et al. 1999)
or fungal (Matsuura et al. 2000) meningitis. Infiltration
of leukocytes into the subarachnoid space was associ-
ated with breakdown of the blood—brain barrier (BBB;
Quagliarello et al. 1986; Quagliarello and Scheld 1992).
MMP-9 is important for leukocyte migration, and there
exists an inflammatory reaction due to its ability to de-
grade basement membranes and components of the
extracellular matrix (ECM) such as collagens, elastin
and aggrecan (Dubois et al. 1999).

Knowledge about the roles of MMPs in parasitic
meningitis is limited. Thus, the aim of the present study
was to use a mouse model of parasitic meningitis caused
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by A. cantonensis to investigate the activity of specific
MMPs in relation to eosinophilic meningitis.

Materials and methods
Experimental animals

Five-week-old male mice, BALB/c strain, were pur-
chased from the National Laboratory Animal Center,
Taipei, Taiwan. They were maintained at 12-h light/dark
cycle photoperiod, provided with Purina Laboratory
Chow and water ad libitum, and kept in our laboratory
for more than 1 week before the experimental infection.

Larval preparation

Third-stage (infective) larvae of A. cantonensis were
obtained from naturally infected giant African snails,
Achatina fulica, collected from fields in Taichung, cen-
tral Taiwan. The larvae within tissues were recovered
using the method of Parsons and Grieve (1990), with
slight modifications. Briefly, the shells were crushed, the
tissues were homogenised and digested in a pepsin-HCI
solution (pH 1-2, 500 IU pepsin/g tissue), and incubated
with agitation at 37°C in a water bath for 2 h. Host
cellular debris was removed from the digest by centri-
fugation at 1,400 g for 10 min. The larvae in the sedi-
mented material were observed under the microscope.
The morphological criteria for identification of the
third-stage larvae of A. cantonensis are 425 to 524 pm in
length, and 23 to 34 um in width. The posterior end of
the tail always terminates as a fine point, as has been
reported by Ash (1970). To determine if the larvae found
were A. cantonensis, we fed larvae to rats and then
examined their brains 2-3 weeks later for evidence of
infection.

Animal infection

A total of 90 mice were randomly allocated to six
groups: Dy, Ds, Do, D5, Do, and D,s. Mice were not
given food or water for 12 h before infection. The mice
of the experimental groups (Ds, Do, D15, Do, and D»s)
were infected with 60 A. cantonensis larvae by oral
inoculation on day 0, and sacrificed on days 5, 10, 15, 20
and 25 post-inoculation (PI) respectively. The control
mice (D) received only water, and they were sacrificed
on day 25 PIL.

In vitro cultivation of young adult worms

Young adult worms were recovered from the brain on
day 20 PI. Each brain was cut into pieces, and homog-
enised separately in 15 ml of 0.25% sodium citrate in
phosphate-buffered saline (PBS), followed by centrifu-

gation. A total of 60 young adult worms were incubated
in 3 ml of sterile RPMI-1640 medium (Sigma, USA)
containing antibiotics (100 IU/ml penicillin, 250 pg/ml
streptomycin, and 25 pug/ml nystain) for 5 days. The
young adult worm-cultured RPMI-1640 medium was
analysed by gelatin zymography.

Eosinophil counts in the CSF

Five mice from each of the Dy, Ds, D;g, D5, D> and
D,;s groups were sacrificed and their brains removed into
a 35-mm dish. The cranial cavity and cerebral ventricles
(lateral, third and fourth ventricles) were rinsed with
1 ml PBS. The washing solution was collected into a
centrifuge to spin at 400 g for 10 min. The resultant
sedimented material was then gently mixed with 100 pl
Unopette (Becton Dickinson vacutainer system, USA)
and 2 pl acetic acid to count eosinophils with a hema-
cytometer (Marienfeld, Germany). Mean values of total
eosinophil numbers were expressed as mean+SD, and
were considered significant at P <0.05.

Worm recovery

Experimental and control mice were killed by cervical
dislocation. Each brain was cut into pieces and ho-
mogenised separately in 15 ml of 0.25% sodium citrate
in PBS, followed by centrifugation. Larval counts were
measured under 25X magnification of a dissecting
microscope. Mean values were expressed as mean + SD,
and were considered significant at P <0.05.

Histology

The mouse brains were fixed separately in 10% neutral
buffered formalin for 24 h. The fixed specimens were
dehydrated in a graded ethanol series (50, 75, and 100%)
and xylene, then embedded in paraffin at 55°C for 24 h.
Several serial sections were cut at 5-pm thickness for
each organ from each mouse. Paraffin was removed by
heating the sections for 5 min at 65°C. These sections
were dewaxed by washing three times for 5 min each in
xylene, then rehydrated through 100, 95 and 75% eth-
anol for 5 min each, and finally rinsed with distilled
water. After staining with haematoxylin (Muto, Japan)
and eosin (Muto, Japan), pathological changes were
examined under a light microscope.

Gelatin zymography

The CSF and young adult worm-cultured RPMI-1640
medium were centrifuged at 12,000 g for 10 min to
remove debris. Samples were loaded on 7.5% (mass/
volume) SDS-polyacrylamide gels that had been
co-polymerised with 0.1% gelatin (Sigma, USA).



Stacking gels were 4% (mass/volume) polyacrylamide,
and did not contain gelatin substrate. Electrophoresis
was performed in running buffer (25 mM Tris, 250 mM
glycine, 1% SDS) at room temperature at 120 V for 1 h.
The gel was washed two times at room temperature for
30 min each in 2.5% Triton X-100, and then washed two
times with double-distilled H,O for 10 min each. The gel
was incubated in reaction buffer (50 mM Tris-HCI, pH
7.5, containing 200 mM NaCl, 10 mM CaCl,, 0.02%
Brij-35, 0.01% NaN3) at 37°C for 18 h. The gel was
stained with 0.25% Coomassie brilliant blue R-250
(Sigma, USA) for 1 h, and destained in 15% methanol/
7.5% acetic acid. Gelatinase activity was detected as
unstained bands on a blue background. Quantitative
analysis of the gelatinolytic enzyme was performed with
a computer-assisted imaging densitometer system, UN-
SCAN-IT gel version 5.1 (Silk Scientific, USA).

Total eosinophil count (x1 [!“)

Worm recovery

10 15 20 25
Days post-inoculation

Fig. 1a, b Eosinophil changes and young adult worm recovery. a
The time-course studies revealed that CSF eosinophils had
increased slightly on day 10 PI, and showed a plateau response
(*P<0.05) from days 15 to 25 PI. The range bars indicate the
standard error of the mean. b Worms were not found in the
uninfected control, and on days 5 and 10 PI. The number of worms
in the brain significantly increased (*P <0.05) from days 15 to 25
PI
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Inhibition of gelatinase on gelatin zymography

The CSF was centrifuged at 12,000 g at 4°C for 10 min,
and the protein contents of the supernatants were
resolved by non-reducing SDS/PAGE on 7.5% poly-
acrylamide gels impregnated with 0.1% gelatin (Sigma).
Following electrophoresis, gels were soaked in 2.5%
Triton-X-100 to replace SDS, washed twice with water,
then incubated at 37°C for 18 h in MMP activation
buffer (50 mM Tris, pH 8.0, 5 mM CaCl,). In control
experiments, calcium was replaced with 10 mM ethy-
lenediamine tetraacetic acid (EDTA, Sigma) in the
activation buffer. For inhibitor studies, 20 uM leupeptin
(Sigma), or 2 mM phenylmethanesulphonyl fluoride
(PMSF, Sigma), or 5 mM 1,10-phenanthroline (Sigma),
or solvent only were added to the Triton and activation
buffers. Zymography gels were stained with Coomassie
brilliant blue, and destained in 15% methanol/7.5%
acetic acid. Proteins with gelatinolytic activity were
revealed as clear bands on a blue background.

Western blot analysis

The CSF was centrifuged at 12,000 g at 4°C for 10 min,
and the protein contents of the supernatants were
determined with protein assay kits (Bio-Rad, USA),
using bovine serum albumin as the standard. An equal
volume of loading buffer (62.5 mM Tris-HCI, pH 6.8,
10% glycerol, 2% SDS, 5% 2-mercaptoethanol, 0.05%
bromophenol blue) was added to the samples, which
contained 30 pg of brain tissue protein. The mixture was
boiled for 5 min prior to electrophoresis on SDS-poly-
acrylamide gel under non-reducing conditions, and
electrotransfer to nitrocellulose membranes at a con-
stant current of 190 mA for 90 min. Afterwards, the
membrane was saturated with PBS containing 0.1%
Tween 20 for 30 min at room temperature. The mem-
brane was allowed to react with goat anti-mouse MMP-
9 polyclonal antibody (R&D Systems, USA) diluted
1:100, at 37°C for 1 h. Then, the membrane was washed
three times with PBS containing 0.1% Tween 20 (PBS-
T), followed by incubation with horseradish peroxidase
(HRP)-conjugated rabbit anti-goat IgG (Jackson
ImmunoResearch Laboratories, USA) diluted 1:5,000,
at 37°C for 1 h to detect the bound primary antibody.
The reactive protein was detected by enhanced chemi-
luminescence (Amersham, UK). To confirm equivalent
protein loading, membranes were stripped by incubation
in 62.5mM of Tris-HCl (pH 6.8), 2% SDS, and
100 mM 2-mercaptoethanol at 55°C, subsequently
washed with PBS-T, and reprobed with anti-fS-actin
antibody (dilution 1:500).

Immunohistochemistry

Ten-micrometer, paraffin-embedded sections of brain
were prepared and mounted on glass slides. Serial
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Fig. 2a—f Histological

observations on H&E staining. a
a, b The uninfected control had
no inflammatory cells in the
meninges, and the meninges
were normal. ¢ Mice infected
with A. cantonensis had mild
inflammation in the
subarachnoid space on day 10
PI. d-f Severe inflammation in
the subarachnoid space was
observed on days 15, 20, and 25
PI; in particular, eosinophilic
and neutrophilic leukocytes
infiltrated the edema meninges.
P Brain parenchyma,
arrowheads leukocytes C

sections were deparaffinised with xylene and a graded
series of ethanol. Sections were treated with 3% H>O,
in methanol for 10 min to inactivate endogenous per-
oxidase, and washed three times with PBS, pH 7.4 for
5 min. Sections were blocked with 3% BSA (bovine
serum albumin) at room temperature for 1 h, incu-
bated with goat anti-mouse MMP-9 polyclonal anti-
body (R&D Systems, USA) diluted 1:50 in 1% BSA,
at 37°C for 1 h, and washed three times in PBS for
5 min each. Sections were then incubated with HRP-
conjugated rabbit anti-goat IgG (Jackson ImmunoRe-
search Laboratories, USA) diluted 1:100 in 1% BSA,
at 37°C for 1 h, and washed three times in PBS for
5 min each. Subsequently, sections were incubated in
DAB (3, 3’-diaminobenzidine; 0.3 mg/ml in 100 mM
Tris, pH 7.5, containing 0.3 pl H,O,/ml) at room
temperature for 3 min, and washed three times in PBS
for 5 min each. Mounted slides (with 50% glycerol in
PBS) were examined under a light microscope.

Statistical analysis

Results in the different groups of mice were compared
using the nonparametric Kruskal-Wallis test, followed
by post-testing using Dunn’s multiple comparison of
means. All results were presented as mean + standard
deviation (SD); P values <0.05 were considered statis-
tically significant.

Results
Eosinophil changes and young adult worm recovery

CSF eosinophilia for BALB/c-strain mice were found
only in infected mice, and not in the uninfected control.
The time-course studies showed a mild eosinophilia at
day 10 PI, showing a plateau response from days 15
to 25 PI. The eosinophil numbers in the CSF were
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Fig. 3a, b Time-course studies for gelatinase activity. a The 94-kDa
molecular weight gelatinase bands were detected on day 10 PI, and
reached a high intensity from days 15 to 25 PI. The 72-kDa
gelatinase was present in all samples, and remained unchanged. In
contrast, the young adult worm-cultured RPMI-1640 medium (Y A)
was undetectable. M Marker. b Quantitative analysis of the
gelatinolytic enzyme was performed with a computer-assisted,
imaging densitometer system. The relative intensity of the
gelatinolytic bands in infected groups showed significant increases
(*P <0.05) compared with the uninfected control

significantly increased (P <0.05) from days 15 to 25 PI
(Fig. 1a). Young adult worms were not found in the
uninfected control, or at days 5 and 10 PI. Subse-
quently, there were 26 + 3.4 recovered worms on day 15
PI, 36 £2.9 recovered worms on day 20 PI, and 32+5.4
recovered worms on day 25 PI. The worm numbers in
the brain were significantly higher (P <0.05) from
days 15 to 25 PI (Fig. 1b).

Histological observations

In the brain section with haematoxylin and eosin stain,
the uninfected control had no inflammatory cells in the
meninges, and the meninges were normal (Fig. 2a, b). In
contrast, mice infected with A. cantonensis had mild
inflammation in the subarachnoid space on day 10 PI
(Fig. 2¢). Severe inflammation was observed from
days 15 to 25 PI; in particular, eosinophilic and neutr-
ophilic leukocytes infiltrated the edema meninges
(Fig. 2d-f).

B

MMP-9 —

f-actin _ ..

Fig. 4a, b Identification of the gelatinases. a Gelatin zymography
showed that the 94-kDa gelatinase was present in A. cantonensis-
infected mice (on day 20 PI), and in the uninfected control it was
undetectable. The gelatinase was inhibited by EDTA and phenan-
throline, but not by leupeptin and PMSF. b Western blot analysis
from the control and A. cantonensis-infected mice. The MMP-9
positive band was detected in the CSF of the infected mice. f-actin
was used as a loading control

Time-course studies of gelatinase activity

Gelatin zymography showed two gelatinase bands, with
a lower molecular weight of about 72 kDa and a higher
molecular weight of 94 kDa. The 72-kDa gelatinase was
present in all samples. In addition, the 94-kDa gelatinase
was detected on day 10 PI, and reached a high intensity
from days 15 to 25 PI. In contrast, the young adult
worm-cultured RPMI-1640 medium was undetectable

(Fig. 3).

Identification of the gelatinases

Gelatin zymography showed that the 94-kDa gelatinase
was present in A. cantonensis-infected mice (on day 20
PI), and it was undetectable in the uninfected mice.
Discrimination of the 94-kDa gelatinase band was ob-
tained from leupeptin (a cysteine proteinase inhibitor),
PMSF (a serine proteinase inhibitor), EDTA (a cata-
lytic-site MMP inhibitor), and 1,10-phenanthroline (an
inhibitor of zinc-containing neutral metallo-enzymes).
The results of the inhibition studies show that the en-
zyme was obviously inhibited by EDTA and 1,10-phe-
nanthroline but not by leupeptin or PMSF (Fig. 4a). By
Western blot analysis, the molecular weight 94-kDa
immunopositive band was detected by anti-MMP-9
antibody in the CSF of the infected mice, whereas no
positive signal was observed in uninfected mice
(Fig. 4b).
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Fig. 5a—d Localisation of
MMP-9 in the subarachnoid
space of mice. No MMP-9
positive signal can be detected
with normal serum in the
leukocytes, including a
eosinophils (arrowheads), and ¢
macrophage (arrowhead).
Detection with a polyclonal
antiserum against MMP-9
showed MMP-9 localised in
polymorphonuclear and
mononuclear cells, including b
eosinophils (arrowheads), and d
macrophages (arrowheads)

Localisation of the MMP-9 protein

The localisation of MMP-9 in the subarachnoid space of
A. cantonensis-infected mice was on day 20 PI; positive
signals for MMP-9 could be localised in infiltrating
polymorphonuclear and mononuclear cells, including
eosinophils (Fig. 5b) and macrophages (Fig. 5d). No
positive signal could be detected when normal serum
was used instead of the anti-MMP-9 antibody, either in
eosinophils (Fig. 5a) or macrophages (Fig. 5¢).

Discussion

In human angiostrongyliasis cantonensis, CSF pleocy-
tosis and eosinophilia have been shown to occur several
days after infection, peaking at 2-3 weeks PI (Yii 1976).
For eosinophilia of the CSF in ICR-strain mice infected
with A. cantonensis, the infection provoked a marked
CSF eosinophilia starting at around day 12, reaching a
peak level on day 20 (Sugaya and Yoshimura 1988).
Similarly, the present study shows that eosinphils were
significantly increased from days 15 to 25 PI. A 94-kDa
molecular-weight gelatinase was detected on day 10 PI,
and reached a high intensity from days 15 to 25 PI. The
94-kDa gelatinase belonged to the MMPs family based
on its molecular weight, and the inhibition by EDTA

S

and 1,10-phenanthroline but not by leupeptin or PMSF.
By Western blot analysis, the 94-kDa immunopositive
band was MMP-9. The 72-kDa gelatinase (MMP-2) was
present in all samples, and remained unchanged. In
contrast to changes in MMP-9, MMP-2 secretion was
constitutive and unaffected by A. cantonensis infection.
This is in agreement with previous findings in experi-
mental models, and patients with bacterial, viral or
fungal meningitis, where MMP-2 was unaffected by the
disease while MMP-9 was increased (Paul et al. 1998;
Beuche et al. 2000; Leib et al. 2000; Leppert et al. 2000;
Matsuura et al. 2000). These studies showed that MMP-
9 associated with various types of meningitis, including
parasitic meningitis.

The kinetics of the CSF MMP-9 activity correlated
with the CSF eosinophilia and young adult worm
recovery. The young adult worms cultured in RPMI-
1640 medium were analysed by gelatin zymography,
without detecting any gelatinase in these samples. These
data show that the MMP-9 was from the mouse as in-
duced by A. cantonensis infection, and not from enzymes
secreted by the worms.

Various pathogens including bacteria, virus, fungi,
rickettsia and parasites may cause meningitis. Viral
meningitis evokes a lymphocytic reaction, whereas bac-
terial meningitis is marked by exudates of polymor-
phonuclear leukocytes (Damjanov et al. 1996). MMP-9



has been identified as a mediator of brain injury in HIV-
associated neurological disease (Liuzzi et al. 2000).
Matsuura et al. (2000) also suggested that MMP-9 in the
CSF may be a useful marker of encephalitogeneity
during the course of subacute meningitis. Angi-
ostrongyliasis of the meninges was chronic meningitis
characterised by the aggregation of eosinophils in the
subarachnoid space. In our study, the increased activity
of MMP-9 was closely associated with a rapid rise of
CSF eosinophils. In addition, there is a relation between
elevated MMP-9 levels in the CSF and the number of
white blood cells in various neurological disorders
(Gijbels et al. 1992). For example, MMP-9 in the CSF of
HIV-infected patients is associated with cell counts
(Sporer et al. 1998). Therefore, it is reasonable to assume
that MMP-9 was associated with the inflammatory
reaction of angiostrongyliasis.

MMP-9 is produced by the CNS, and inflammatory
cells in an inflammatory condition in both animals and
humans (Williams et al. 2002). Cells which are capable
of producing MMP-9 include monocytes (Welgus et al.
1990), T cells (Leppert et al. 1995), neutrophils (Masure
et al. 1991), astrocytes (Wells et al. 1996), microglia
(Gottschall and Yu 1995), eosinophils (Okada et al.
1997), macrophages (Nielsen et al. 1996), and endothe-
lial cells (Herron et al. 1986). Okada et al. (1997) showed
that MMP-9 was released from eosinophils, which were
transmigrating basement membranes, and participating
in the pathophysiology of inflammatory diseases. In the
present study on immunohistochemistry, MMP-9 was
found to be localised in the infiltrated polymorphonu-
clear and mononuclear cells, including eosinophils and
macrophages. These data suggest that infiltrating leu-
kocytes are important sources of MMP-9 in parasitic
meningitis.

The present study shows that MMP-9 was induced in
eosinophilic meningitis of BALB/c-strain mice caused by
A. cantonensis, and the increased MMP-9 activity coin-
cided with the degree of inflammation. This study shows
that MMP-9 was associated with eosinophilic meningi-
tis, and the enzyme may be a useful marker in
angiostrongyliasis meningitis.
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