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Abstract: Steroids are commonly used in patients with eosinophilic meningitis caused by A. cantonensis infections. The
mechanism steroids act on eosinophilic meningitis remains unclear. In this mouse experiments, expressions of 14-3-3
isoform 3 and y proteins significantly increased in the CSF 2-3 weeks after the infection, but not increasedin the dexa-
methasone-treated group. Expression of 14-3-3 3, v, €, and 0 isoforms increased in brain meninges over the 3-week pe-
riod after infection and decreased due to dexamethasone treatment. In conclusion, administration of dexamethasone in
mice with eosinophilic meningitis decreased expressions of 14-3-3 isoform proteins in the CSF and in brain meninges.
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INTRODUCTION

Angiostrongylus cantonensis, also known as rat lungworm, was
first described in Tainan, Taiwan in the 1940s. It is the main
nematode causing eosinophilic meningitis or meningoen-
cephalitis in Southeast Asia and the Pacific area [1-5]. Humans
are infected with A. cantonensis by ingesting freshwater, terres-
trial snails, slugs and other intermediate or paratenic hosts [5-
8]. When this parasitic infection occurs in humans and mice
(non-permissive hosts), the development of the larvae will
stop at the young-adult worm stage in the brain and induce
eosinophilia in blood and especially in cerebrospinal fluid
(CSF) [8-13]. Previous studies have shown that transmigration
of eosinophils to CSF [13], brain apoptosis [11] and the over-
expression of CSF 14-3-3 B [12] are associated with blood
brain barrier (BBB) dysfunction in mice and humans infected
with A. cantonensis.

In the brain, there are 7 isoforms (B, €, y, 1, {, 1/6, and o) of
14-3-3 protein, and they modulate the action of proteins that
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are involved in neurodegeneration, apoptosis, cell cycle con-
trol and signal transduction [14]. High levels of the 14-3-3 n
isoform have been reported in brain tissue, especially in Pur-
kinje cells in the cerebellum [15]. High levels of 14-3-3 # and
y isoforms have also been reported, with the y isoform being
more brain specific [16-18]. In normal murine brains, the B, y,
1, and { isoforms are distributed mainly in particular anatomi-
cal nudlei in the neuronal cell bodies. However, differences in
the location of individual isoforms have been reported, with
the T isoform being found only in the hippocampus and me-
dulla, and the ¢ isoform being found throughout grey matter
of the central nervous system (CNS) [19]. The presence of the
14-3-3 protein in CSF has been reported in individuals with
Creutzfeldt-Jakob disease (CJD) [20], possibly due to disrup-
tion of neurons and leakage of brain parenchymal proteins into
the CSF [21]. The 14-3-3 protein has also been found in CSF
specimens obtained from patients with various neurological
diseases, including bacterial and parasitic meningitis [22,23].
Previous research has demonstrated that the 14-3-3 protein is a
neuropathologic disease marker that can be used to monitor
neuronal damage in bacterial meningitis [23]. Although the
lack of specificity limits the use of the 14-3-3 protein as a specif-
ic marker, its value as an indicator of BBB damage could be used
to monitor the evolution of eosinophilic meningitis.

Steroids have been used as adjunctive treatment for eosino-
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philic meningitis. In the studies of Chotmongkol et al. [24]
and Sawanyawisuth et al. [25], 2-week and 1-week courses of
prednisolone were found to be beneficial in the treatment of
headaches in patients with eosinophilic meningitis. In our
previous study, we found that the beneficial effect of steroids
on eosinophilic meningitis caused by A. cantonensis infection
was mediated by the down-regulation of 14-3-3 P protein ex-
pression in CSF and a reduction in BBB dysfunction [12]. In
this study, we investigated the effect of dexamethasone treat-
ment on dynamic changes of various 14-3-3 isoform protein
expressions in parasitic eosinophilic meningitis, correlations
with the severity of BBB damage and brain IHC findings, and
reviewed the literature.

MATERIAL AND METHODS

Ethics statement

The Animal Committee of our hospital approved the study
protocol. The animal studies were conducted in strict adher-
ence with the recommendations from Taiwan’s Animal Protec-
tion Act.

Infection of Balb/c mice and intraperitoneal steroid
injections

The detailed experimental procedures have been described
in a previous study [12]. Briefly, 40 Balb/c mice (5 groups, 8 in
each group with an equal number of males and females), aged
6-7 weeks, were raised and maintained in an air-conditioned
animal facility. Third-stage A. cantonensis larvae were harvested
according to a previously described method [13]. The mice
were orally infected with 50 A. cantonensis L3 via an orogastric
tube after slight ketamine anesthesia, and then 8 mice were
sacrificed every week for 3 consecutive weeks after infection
until the end of the study. Dexamethasone at a dose of 500 pg/
kg/day was injected intraperitoneally from the 7th day post in-
fection (dpi) until the end of the study (21 dpi). The total du-
ration of dexamethasone treatment was 2 weeks.

Collection of serum and CSF samlipes
Blood and CSF samples were collected according to a previ-
ously published protocol [12].

Measurement of permeability of the BBB using Evans
blue

A total of 200 pl of 2% (w/v) Evans blue solution in PBS

was injected into the tail vein of the Balb/c mice according to
our previous study [22]. One hour later, the mice brains were
removed after anesthesia with ketamine, and ground with 1.0
ml PBS. The extracts were then centrifuged, and the optical
density of the supernatants was read at 595 nm using a color-
imeter as described previously [22].

Measurement of 14-3-3 protein concentrations in CSF/
serum/brain homogenates by Western blotting

The detailed study procedure has been described in a previ-
ous study [22]. Briefly, whole brains were homogenized in ly-
sis buffer and then centrifuged at 12,000 g for 15 min at 4°C.
The supernatants were then diluted and heated to 90°C for 10
min. The supernatants were then separated by electrophoresis
on 10% Bis-Tris gels in SDS buffer. After transfer, the polyvi-
nylidene fluoride (PVDF) membranes were probed at room
temperature with mouse monoclonal IgG for pan 14-3-3 and
rabbit polyclonal IgG antibody for 14-3-3 , ¢, v, 1, {, 7, 6, and
o (Santa Cruz Biotech, Santa Cruz, California, USA), followed
by goat anti-rabbit horseradish peroxidase (HRP)-conjugated
antibody (Santa Cruz Biotech). The blots were developed us-
ing an enhanced chemiluminescent system (Amersham; GE
Healthcare Life Sciences). Densitometric values were obtained
using a computer-assisted laser scanner (GS-710 Calibrated
Imaging Densitometry; Bio-Rad, Hercules, California, USA).

Immunohistochemical staining of 14-3-3 protein

To identify the cellular localization of 14-3-3 in the brain
meninges, coronal sections of brain tissue were immunobhisto-
chemically stained with a polyclonal antibody directed against
the 14-3-3 proteins. The detailed study protocol was a modifi-
cation of our previous study [12]. Paraffin-embedded brain
tissue sections (4 pm) of mouse brains were air dried, deparaf-
finized, rehydrated then heated to retrieve antigens. Endoge-
nous peroxidase was quenched with 3% H,O, for 10 min, and
then sections were blocked with a blocking solution for 30
min. The sections were then incubated either with mouse
monoclonal IgG for pan 14-3-3 and rabbit polyclonal IgG an-
tibody for 14-3-3 B, €, y, 1, {, T, 8 or o with blocking solution
for 60 min at room temperature. A secondary biotinylated
multilink antibody was then added for 30 min. After washing,
streptavidin-horseradish peroxidase was applied for 20 min,
followed by diaminobenzidine tetrahydrochloride in buffer
for 10 min (Novocastra™ Polymer Detection System; Leica
Biosystems, Newcastle Upon Tyne, UK).
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Statistical analysis

The concentrations of Evans blue and 14-3-3 isoform pro-
teins in the different groups were compared using the non-
parametric Kruskal-Wallis test. The Mann Whitney U test was
used to compare changes in 14-3-3 isoform proteins for every
week relative to the control or steroid treatment groups. All of
the experiments were done in triplicate. All results are present-
ed as medium and range. A P-value less than 0.05 was consid-
ered to be statistically significant.

RESULTS

Permeability of the BBB

The concentration of Evans blue in the mice brains was sig-
nificantly higher 3 weeks after infection compared to the unin-
fected mice (P=0.022). The intensity of Evans blue in the
brains of mice treated with dexamethasone for 2 weeks was
significantly lower than that in the mice that had been infected
for 3 weeks. Therefore, BBB dysfunction was more severe in
the mice 3 weeks after infection compared to the uninfected
mice (Fig. 1).

14-3-3 isoforms in CSF, serum and brain homogenates
of mice

Concentrations of 14-3-3 isoforms in CSF/serum/brain ho-
mogenates is shown in Fig. 2. There were significant increases
in 14-3-3 isoform proteins  and y in the CSF in the 3rd week
after infection. Dexamethasone treatment for 2 weeks (7th to
21st dpi) significantly decreased the expressions of 14-3-3 iso-
form proteins  and y in the CSE However, the 14-3-3 isoform
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protein expressions in the brain homogenates and serum did
not show any significant changes in the following weeks of in-
fection or after dexamethasone treatment (Fig. 3).

14-3-3 isoforms in the meninges of mice brains

The THC studies for 14-3-3 isoform proteins in brain me-
ninges are shown in Fig. 4. There were significant increases in
the concentrations of 14-3-3 isoform proteins f, y, ¢, and 0 in
the brain meninges in the 2nd and 3rd weeks post infection
compared to the controls and 1st week post infection. Dexa-
methasone treatment significantly decreased the expressions
of those 14-3-3 isoform proteins, and the decrease of 14-3-3
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Fig. 1. Change of Evans blue concentrations in the brain homog-
enates of mice with A. cantonensis infection. C (Control), no para-
sitic infection; 1w, 1 week post infection; 2w, 2 weeks post infec-
tion; 3w, 3 weeks post infection; 3w+D (Dex), mice given dexa-
methasone for 2 weeks.
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Fig. 2. Western blottings of 14-3-3 isoforms in CSF/brain homogenates/serum in mice with A. cantonensis infection.
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Fig. 3. Quantitative presentation of 14-3-3 isoforms in brain homogenate.

isoform proteins in brain meninges were isotype specific.

DISCUSSION

Our results showed a significant increase in 14-3-3 isoform
proteins  and y in CSF in the 2nd and 3rd weeks post infec-
tion compared to the controls and 1st week post infection,
which was consistent with the severity of BBB damage as as-
sessed by Evans blue assay. Dexamethasone treatment signifi-
cantly decreased the amounts of 14-3-3 isoform proteins B
and y in CSE Dexamethasone treatment significantly de-
creased the expressions 14-3-3 isoform proteins and Evans
blue staining in the CSF and brain meninges. Steroid treat-
ment has been shown to improve capillary function in the
CSF of patients with multiple sclerosis by increasing levels of
tissue inhibitors of matrix metalloproteinases (MMPs) and re-
ducing activity of urokinase-type plasminogen activators and
MMP-9 [26]. Steroid treatment in eosinophilic meningitis
caused by A. cantonensis infection has been shown to partially
inhibit the function of plasminogen activators and inflamma-

tion [27]. In addition, steroid treatment of eosinophilic men-
ingitis has been shown to improve intracranial pressure and
also decrease neurological symptoms due to the inflammatory
consequences of migrating and dying worms [28]. IL-5, a he-
mopoietic factor, has been shown to stimulate the prolifera-
tion, differentiation, and maturation of eosinophils [29], and
an increased CSF IL-5 level and eosinophilia have been report-
ed in eosinophilic meningitis caused by A. cantonensis infec-
tion [13,30]. Steroids have been found to induce the apoptosis
of eosinophils [31] and inhibit brain apoptosis in mice with
eosinophilic meningitis [11]. Taken together, the beneficial ef-
fects of steroids on eosinophilic meningitis caused by A. canto-
nensis infection in this study may have been mediated by im-
provements in BBB dysfunction, inhibition of the expressions
of plasminogen activators and inflammation, down-regulation
of 14-3-3 isoform proteins in the CSE inhibition of mice brain
apoptosis, and other unidentified mechanisms.

In the 1970s, John et al. [32] demonstrated how infective L3
larvae migrate from the gastrointestinal tract to the CNS via a
hematogenous route in an animal model of eosinophilic
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Fig. 4. Immunohistochemical stainings showed 14-3-3 B, y, €, and 6 isoforms in the cerebrum.

meningitis caused by A. cantonensis infection. At approximately
10 days after parasitic infection, larvae mainly appeared in the
subarachnoid spaces of posterior fossa structures and then
gradually spread to the cerebral areas. They remained in the
brain from 8 days to several weeks, and provoked a severe in-
flammatory reaction and direct or mechanical injury [32]. This
time course of brain destruction is consistent with the present
study, in that the most severe BBB damage occurred in the 2nd
and 3rd weeks post infection with simultaneous increases in
the expressions of 14-3-3 isoform proteins f and y in the CSF
and meninges.

The 14-3-3 proteins are highly conserved proteins that play
important roles in regulating many cell functions including
the onset of cell differentiation, maintenance of the cell cycle,
preventing apoptosis, and DNA repair [33]. The highest tissue
concentrations of 14-3-3 proteins occur in the brain, and con-
stitute approximately 1% of total soluble protein [34]. In ad-
dition to their possible roles in neuronal function, 14-3-3 pro-
teins are also involved in the pathophysiology of various neu-
rological disorders [12,20,23,35,36]. Different 14-3-3 isoforms
have been implicated in the regulation of many intracellular

signaling pathways [33]. Furthermore, the 14-3-3 proteins
have been found to regulate the mitogen-activated protein ki-
nase (MAPK) pathway [37]. There are 7 14-3-3 isoforms: B, ¢,
Y, 0, G /6, and o. The 14-3-3 proteins regulate apoptotic sig-
nals. Specifically, the 14-3-3 0 isoform is bound to Bcl-2 asso-
ciated X protein (Bax) in the cytoplasm, which undergoes dis-
sociation from 14-3-3 6 during apoptosis to induce apoptotic
changes of the mitochondria [37].

A previous study demonstrated that the 14-3-3 B protein
was a neuropathologic marker that could be used to monitor
neuronal damage in patients with bacterial and eosinophilic
meningitis [12,23]. Increased pan 14-3-3 and 5 isoform pro-
teins (B, v, & n, {) have also been reported in the CSF of adults
with bacterial meningitis [17]. Elevated CSF 14-3-3 y protein
levels have been reported in HIV-negative patients with crypto-
coccus meningitis, with no changes in the levels with short-
term treatment [18]. In addition, Morassutti et al. [38] report-
ed that the 14-3-3 proteins reacted with 31-kDa antigens in A.
cantonensis infection.

In the present study, we demonstrated that the dynamic
changes in 14-3-3 isoform proteins  and y in the mice CSF
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and brain meninges were correlated with the dynamic changes
of BBB dysfunction, as indicated by the Evans blue assay. Not
all of the 14-3-3 isoform proteins in the CSF/brain meninges
similarly increased 2-3 weeks post infection nor similarly de-
creased after dexamethasone treatment. This is in agreement
with the previous findings that 14-3-3 y is brain specific and
14-3-3 B is a neuropathologic marker. Further studies are
needed to clarify this phenomenon.

Our results suggest that 14-3-3 proteins could be useful
markers of neuronal damage, and that the presence of 14-3-3
isoform proteins in CSF may be the consequence of disruption
of the BBB caused by parasitic eosinophilic meningitis, since it
has been shown that parasitic infections can induce up-regula-
tion of MMP-9 [39], vascular endothelial growth factor [40]
and hepatocyte growth factor [41], and that the infection con-
tributes to damage of meningeal blood vessel membranes.
This change in the cerebral vasculature could account for the
leakage of 14-3-3 proteins, which are primarily CNS proteins,
into the CSF circulation.

Further studies are needed to elucidate why some of the 14-
3-3 isoform proteins in the mice brains did not significantly
increase after infection or decrease after dexamethasone treat-
ment. Possible explanations include the uneven distribution
of 14-3-3 isoform proteins and the unpredictable mechanical
injury caused by the parasitic infection in the mice brains, as
well as the semi-quantitative nature of the Western blot analy-
sis. The only small increase in serum 14-3-3 isoform proteins
after infection and the poor effect of dexamethasone treatment
in decreasing the serum expressions of 14-3-3 isoform pro-
teins might be related to lower serum steroid concentrations
caused by intraperitoneal injections and the semi-quantitative
nature of the Western blot analysis.

There are several limitations to this study. First, the Evans
blue method has limited sensitivity for monitoring BBB dys-
function. The sensitivity would be improved if the albumin
levels in serum and CSF were simultaneously quantified and
the CSF/serum albumin ratio calculated. Second, the animal
samples were analyzed using the semi-quantitative Western
blot method, which may have decreased the sensitivity and
specificity. Finally, the data obtained in the mice model may
not be applied to human infection.

In condlusion, the current study showed that the mice with
eosinophilic meningitis with increasing 14-3-3 isoform pro-
teins p and y in CSF and brain meninges tended to have more
severe BBB dysfunction as evidenced by Evans blue assay. In

addition, there were remarkable reductions in 14-3-3 protein
isoforms P and y in the CSF and f, y, €, and 0 isoforms in the
brain meninges after 2 weeks of dexamethasone treatment.
These results highlight the role of 14-3-3 proteins in eosino-
philic meningitis caused by A. cantonensis.
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