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Abstract Background: Co-therapy with albendazole and steroid is commonly used in patients
with eosinophilic meningoencephalitis caused by Angiostrongylus cantonensis infections. How-
ever, anthelminthics often worsen symptoms, possibly due to the inflammatory reaction to an-
tigens released by dying worms. Therefore, the present study was to investigate the curative
effects and probable mechanisms of the platelet-derived growth factor receptor-beta (PDGFR-
b) inhibitor AG1296 (AG) and the phosphoinositide 3-kinase inhibitor (PI3K) LY294002 (LY) in A.
cantonensis-induced neurovascular unit dysfunction and eosinophilic meningoencephalitis.
Methods: Western blots were used to detect matrix protein degradation and the expressions of
PDGFR-b/PI3K signaling pathway. The co-localization of PDGFR-b and vascular smooth muscle
cells (VSMCs), and metalloproteinase-9 (MMP-9) and VSMCs on the blood vessels were measured
by confocal laser scanning immunofluorescence microscopy. Sandwich enzyme-linked immuno-
sorbent assayswere used to test S100B, interleukin (IL)-6, and transforming growth factor beta in
the cerebrospinal fluid to determine their possible roles in mouse resistance to A. cantonensis.
Results: The results showed that AG and LY cotherapy decreased the MMP-9 activity and inflam-
matory reaction. Furthermore, S100B, IL-6 and eosinophil counts were reduced by inhibitor
treatment. The localization of PDGFR-b and MMP-9 was observed in VSMCs. Furthermore, we
showed that the degradation of the neurovascular matrix and blood-brain barrier permeability
were reduced in the mouse brain.
Conclusions: These findings demonstrate the potential of PDGFR-b inhibitor AG and PI3K inhibi-
tor LY co-therapy as anti-A. cantonensis drug candidates through improved neurovascular unit
dysfunction and reduced inflammatory response.
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Introduction

The rat lungworm Angiostrongylus cantonensis is a parasitic
nematode that causes severe central nervous system (CNS)
dysfunction and induces eosinophilic meningitis or menin-
goencephalitis.1,2 Matrix metalloproteinase-9 (MMP-9) is an
important proteolytic enzyme that can contribute to blood-
brain barrier (BBB) in angiostrongyliasis meningoencepha-
litis.3 The BBB is considered a part of the neurovascular
unit, a concept that emphasizes the importance of
cellecell signaling between all cell types residing in
neuronal, glial, and vascular compartments.4 The in-
teractions between these cellular components and inter-
and intra-cellular signaling regulate neurovascular unit
function to maintain homeostasis or to respond to inflam-
mation and diseases.5 The migration of vascular smooth
muscle cells (VSMCs) requires the proteolytic degradation
or remodeling of the matrix. MMPs catalyze and remove the
basement membrane around VSMCs and facilitate their
contact with the interstitial matrix.6 For understanding of
curative effects of AG1296 and LY294002 co-therapy in A.
cantonensis-induced neurovascular unit dysfunction, we
would focus on the integrity of the neurovascular matrix in
treatment and diseased states.

Platelet-derived growth factor (PDGF), which is released
by platelets, endothelial cells, and numerous other cells at
the site of injury, is the most potent VSMC mitogen.7 Binding
of PDGF to the PDGF receptor (PDGFR) activates various
downstream signaling proteins; mitogen-activated protein
kinase signaling plays an important role in the regulation of
proliferation, migration, and survival of mammalian cells.8

Abnormalities in this signaling pathway are implicated in
neurological diseases, especially in neurovascular dysfunc-
tion; neuroinflammation plays a prominent role in disease
pathologies.9 The phosphoinositide 3-kinase/protein kinase
B (PI3K/Akt) signaling pathways enhanceMMPexpression and
activity.10 The activation of the PI3K/Akt signaling pathway
is probably required for the production of MMP-9 in VSMCs in
neurovascular unit. Therefore, we investigate the curative
mechanisms of AG1296 and LY294002 co-therapy in A. can-
tonensis-induced neurovascular unit dysfunction and eosin-
ophilic meningoencephalitis.

BBB leakage in CNS disorders can be thought of as a
manifestation of neurovascular unit dysfunction.11 We
found neurovascular unit dysfunction in mice with eosino-
philic meningoencephalitis after A. cantonensis infection.
Co-therapy with albendazole and steroid is commonly used
in patients with eosinophilic meningoencephalitis caused by
infections of A. cantonensis. However, anthelminthics
often worsen symptoms, possibly due to the inflammatory
reaction to antigens released by dying worms. Thus, the
present study was to evaluate the curative effects and
probable mechanisms of AG and LY co-therapy in A. can-
tonensis-induced neurovascular unit dysfunction and
eosinophilic meningoencephalitis.
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Materials and methods

Experimental animals

Wild-type C57BL/6 male mice were purchased from the
National Laboratory Animal Center (Taipei, Taiwan). MMP-9
knockout mice (B6.FVB (Cg)-Mmp9tm1Tvu/J) were purchased
from Jackson Laboratory (Bar Harbor, ME, US), and all
intron 2 and a part of exon 2 were replaced with a cassette
that contained the neomycin phosphotransferase gene,
which was driven by the phosphoglycerate kinase promoter
for MMP-9 knockout mice. All feeds, water, beddings, and
cages for MMP-9 knockout mice were sterilized before use.
All mice were kept in a temperature controlled environ-
ment at a 12 h light/dark cycle photoperiod and provided
with Purina Laboratory Chow and water ad libitum. Five-
week-old MMP-9 knockout and wild-type mice were kept
in individual ventilated caging systems in a pathogen-free
animal room (Chung-Shan Medical University, Taichung,
Taiwan) for more than one week prior to experimental
infection. After A. cantonensis infection, mice were moni-
tored for signs of illness (decreased activity, ruffled fur, or
tachypnea) and weight loss. No mortality was observed in
the mice during their infection and drug treatment. The
mice were maintained under CO2 flow for at least 1 min
after respiratory arrest. Cervical dislocation was performed
as a confirmatory euthanasia prior to necropsy. All pro-
cedures and experiments were approved by the Institu-
tional Animal Care and Use Committee of Chung-Shan
Medical University and according to the institutional
guidelines for animal experiments. The data obtained met
the appropriate ethical requirements.

Antibodies

The goat anti-mouse phosphorylated polyclonal antibody
PI3K (p-PI3K), the goat anti-mouse phosphorylated Akt (p-
Akt) polyclonal antibody, the goat anti-mouse collagen type
IV polyclonal antibody and goat anti-mouse fibronectin
polyclonal antibody were purchased from Santa Cruz
Biotechnology (CA, USA). Goat anti-mouse p-PDGFR-b poly-
clonal antibody was purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). Mouse smooth muscle alpha (SM-a)-
actin monoclonal antibody was obtained from Sigma (St.
Louis, MO, USA). The goat anti-mouse MMP-9 polyclonal
antibodywas purchased fromR&DSystems (Minneapolis, MN,
USA). Mouse anti-mouse b-actin monoclonal antibody was
acquired from Sigma (St. Louis, MO, USA).

Larval preparation

Infectious larvae (third stage, L3) of A. cantonensis were
obtained fromAchatina fulica snails,whichwere propagated
for several months and infected with larvae of the first stage
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of A. cantonensis by rats at the Wufeng Experimental Farm
(Taichung, Taiwan). The L3 larvae within the tissues were
recovered using a previously described method but with
several modifications.12 The snail shells were crushed, and
the tissues were homogenized in a pepsin-HCl solution (pH
1e2, 500 IU pepsin/g tissue) and digested by agitation at
37 �C for 2 h. The L3 larvae in the sediment were collected by
serial washes with double-distilled water and counted under
a microscope. The identity of the L3 larvae of A. cantonensis
was confirmed as previously described.13

Animal infection

A total of 20 MMP-9 knockout male mice were randomly
assigned to uninfected control group and the infected
group. Uninfected control mice were orally administered
with distilled water only on day 10 after inoculation (PI).
The infected group was infected with 30 A. cantonensis L3
larvae by oral inoculation and sacrificed on days 20 PI.
Brains and CSF were collected for biochemical analysis and
histopathological study, respectively.

Treatment of animals

A total of 100C57BL/6 wild-typemicewere randomly divided
into five groups (20 mice/group). Water and food were held
for 12 h before infection. Uninfected control mice were
orally administered with distilled water only on day 10 after
inoculation (PI). All other groups were infected with 30 A.
cantonensis L3 larvae, including infected control mice that
were orally treatedwith distilledwater only onday 10PI. The
treatment mice were treated separately with AG1296 (AG)
alone (10 mg/kg/day, Cayman Chemicals, Ann Arbor, MI,
USA), LY294002 (LY) (25 mg/kg/day, Sigma, St. Louis, MO,
USA), and AGeLY co-treatment for 7 consecutive days
starting on day 10PI. Themicewere sacrificed at 20 days PI. A
group of 20 mice were selected for further tests, namely, 5
for biochemical analysis (zymography andWestern blotting),
5 for Evans Blue analysis, 5 for enzyme-linked immunosor-
bent assay (ELISA) analysis, and 5 for histology.

Cerebrospinal fluid (CSF) collection

A single CSF sample was collected from the cisterna magna
for ELISA and zymography assays. The mice were anes-
thetized by intraperitoneal urethane (1.25 g/kg) injection.
Each mouse was placed in a stationary instrument at 135�

from the head and body. The neck skin was shaved and
swabbed thrice with 70% ethanol. The subcutaneous tissue
and muscles were separated. A capillary tube was inserted
through the dura mater into the citerna magna, and CSF was
poured into the capillary tube as previously described.3 The
CSF was injected into a 0.5 mL Eppendorf tube and centri-
fuged at 3000�g at 4 �C for 5 min. The supernatant was
collected in a 0.5 mL Eppendorf tube and kept in a freezer at
�80 �C.

Western blot analysis

Electrophoresis and the following Western blot analysis are
indispensable to investigate protein changes in brain
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tissues. Brain tissue homogenates were centrifuged at
10,000�g at 4 �C for 10 min to remove the debris. Proteins
(30 mg) of the supernatant were determined using protein
assay kits (Bio-Rad, Hercules, CA, USA) with bovine serum
albumin (Sigma-Aldrich Corporation, St. Louis, MO, USA) as
standard. Proteins were diluted at a 1:1 ratio in loading
buffer (10% sodium dodecyl sulphate (SDS), 2% glycerol, 5%
bromophenol blue, 2-mercaptoethanol, and 0.5 M Tris-HCl;
pH 6.8). The mixture samples were boiled for 5 min before
the samples were subjected to 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) at room temperature and 110 V
for 90 min and electrotransferred to polyvinylidene fluoride
(PVDF) membranes (Pall Corporation, Coral Gables, FL,
USA) at a constant current of 30 V and at 4 �C overnight.
Afterward, the PVDF membranes were washed twice in
phosphate-buffered saline (PBS) containing 0.1% Tween 20
(PBS-T) for 10 min at room temperature. This process was
performed three times. Then, we blocked the membranes
surface with 5% non-fat dry milk in PBS at 37 �C for 1 h and
saturated three times with PBS-T for 10 min at room tem-
perature. Subsequently, the membranes were incubated in
primary antibodies diluted at 1:1000 at 37 �C for 1 h. After
three washes with PBS-T, the PVDF membranes were incu-
bated with the horseradish peroxidase-conjugated sec-
ondary antibodies diluted at 1:10000 at 37 �C for 1 h to
detect the bound primary antibody. The labeled proteins
were visualized by enhanced chemiluminescence detection
system (Amersham Biosciences, Amersham, UK), and the
densities of the specific immunoreactive bands were
quantified with a computer-assisted imaging densitometer
system.

Co-immunoprecipitation

Here we describe protocols for protein-protein interaction
assays that use protein G agarose to precipitate the target
protein. Protein G agarose (Invitrogen, Carlsbad, CA) was
washed in PBS and centrifuged for 2 min at 10,000 g. The
supernatant was discarded, and the residue was subjected
to two more washing cycles. Brain homogenates (1 mg) and
p-PDGFR-b antibody were added to Protein G agarose and
incubated at 4 �C overnight. Immune complexes were
washed twice in dissociation buffer (0.5 M Tris-HCl, pH 8.0,
120 mM NaCl and 0.5% (v/v) Triton X-100). Next, the im-
mune complexes were mixed with an equal volume of
loading buffer (62.5 mM Tris-HCl, pH 6.8, 10% (v/v) glyc-
erol, 2% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, and 0.05%
(w/v) bromophenol blue), heated at 95 �C for 5 min, and
subjected to SDS-PAGE. The detection of target protein (p-
PI3K) was determined by Western blotting.

Gelatin zymography

The procedures were based on zymography using SDS
polyacrylamide gels containing gelatin as previously
described.14 Unboiled protein samples (30 mg) were added
to an equal volume of standard loading buffer before
loading. The samples were loaded on 7.5% (mass/volume) in
polyacrylamide gels containing copolymerized substrate
gelatin (0.1%) for SDS-PAGE (Sigma-Aldrich Corporation, St.
Louis, MO, USA) to measure the gelatinase activities. SDS-
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PAGE was performed in a running buffer (1% SDS, 25 mM
Tris, and 250 mM glycine) at room temperature and 110 V
for 1 h. After electrophoresis, each gel was washed twice
for 30 min at each instance in the denaturing buffer (2.5%
Triton X-100) at room temperature and washed twice with
double-distilled water at room temperature for 10 min. The
gel was then incubated in the reaction buffer (50 mM Tris-
HCl, pH 7.5; containing 0.01% NaN3, 0.02% Brij-35, and
10 mM CaCl2) at 37 �C for 18 h, stained with 0.25% Coo-
massie Brilliant Blue R-250 (Bio-Rad, Hercules, CA, USA) for
1 h, and destained in a solution of 15% methanol/7.5%
acetic acid. The final gel presented a uniform background,
except in regions where gelatinases had migrated and
cleaved their respective substrates. The gelatinases were
quantitatively analyzed using a computer-assisted imaging
densitometer system (UN-SCAN-ITTM gel Version 5.1, Silk
Scientific, Provo, Utah, USA).

Double-staining immunofluorescence

Mouse brain tissues were fixed in 10% neutral buffer
formalin. Several 5 mm-thick serial sections were cut from
the brain of each mouse. For immunofluorescent labeling,
non-specific binding was blocked with 3% BSA diluted in
PBS-T. The brain sections were incubated at 4 �C overnight
with the mixture of two primary antibodies (1:100 dilution),
namely, those of PDGFR-b and MMP-9, to the SM a-actin
monoclonal antibody. The mixture was decanted and
washed three times with PBS for 5 min each in the dark. The
sections were rinsed thrice with PBST and incubated with a
mixture of two secondary antibodies, which were raised in
different species (with two fluorochromes, i.e., Fluorescein
AffiniPure Donkey Anti-Goat IgG and Cy�5 AffiniPure
Donkey Anti-Goat IgG from Jackson ImmunoResearch Lab-
oratories, West Grove, PA, USA) in 1% BSA for 1 h at room
temperature in the dark. The sections were rinsed thrice
with PBS, and mounted with a Vectashield mounting me-
dium containing 40,6- diamidino-2-phenylindole (DAPI)
(Vector Laboratories, Burlingame CA, USA). The sections
were mounted on a Zeiss LSM 510 META confocal micro-
scope (Heidelberg, Germany).

ELISA

The production of S100B, interleukin (IL) �6 and trans-
forming growth factor (TGF)-b in CSF was assayed using
commercial ELISA kits (Abcan, USA) according to the man-
ufacturer’s instructions. CSF samples for cytokine assays
were pooled since the amounts of CSF harvested from each
mouse were often insufficient for individual assays.

BBB permeability evaluation

Evans Blue, a dye used to probe the integrity of the BBB,
could enter the brain only during the pathological state.
The steps have been adjusted in accordance with prior
research findings.15 The mice were injected with 2% (w/v)
Evans Blue (5 mL/kg body weight; Sigma, St. Louis, MO,
USA) in saline via the tail vein. After 2 h of circulation, the
mice were anesthetized and transcardially perfused with
saline to remove the intravascular dye. The brains were
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weighed and homogenized in 50% trichloroacetic acid so-
lution. Brain tissue homogenates were centrifuged at
12,000�g for 10 min and the supernatants were collected.
Each supernatant was measured at 620 nm for absorbance
to calculate the concentration of Evans Blue using a spec-
trophotometer (Hitachi U3000, Tokyo, Japan).
Eosinophil counts in the CSF

The CSF was collected into a centrifuge for spinning at
400�g for 10 min. Sediments were gently mixed with 100 mL
Unopette buffer (Vacutainer System, Becton Dickinson,
Franklin Lakes, NJ, USA) and 2 mL acetic acid and used a
hemocytometer cell counting chamber (Paul Marienfeld,
Lauda-Koenigshofen, Germany) was used to count
eosinophils.
Histology

The mouse brains were fixed with 10% neutral buffered
formalin for 24 h. Fixed brains were dehydrated in a series
of graded ethanol (50%, 75%, 95%, and 100%), replaced with
xylene, and embedded in paraffin for 24 h. The serial sec-
tions were cut at 5 mm thickness of 5 m and stained with
hematoxylin and eosin (Muto, Japan). Pathological changes
were examined under a Zeiss light microscope.
Statistical analysis

Kruskal-Wallis nonparametric analysis followed by Dunn’s
multiple comparison tests was performed to evaluate dif-
ferences among the different groups of mice. All outcomes
were presented as means � standard deviation (S.D.).
Statistical significance was established for P values < 0.05.
Results

Influence of inhibitor-treated mice on signal
proteins

The Western blot assay showed that the p-PDGFR-b, p-PI3K,
and p-Akt in A. cantonensis-infected group were signifi-
cantly higher than those in the control group. In the AG, LY
and AGeLY groups, the levels of p-PDGFR-b, p-PI3K, and p-
Akt were markedly lower (P < 0.05) than in the A. canto-
nensis-infected group (Fig. 1).
Interaction between p-PDGFR-b and p-PI3K

To investigate the interaction between p-PDGFR-b and p-
PI3K, mouse brain samples were subjected to immunopre-
cipitation using targeted antibodies (anti-p-PDGFR-b and
anti-p-PI3K). Analysis of the immunoprecipitates identified
the presence of heavy chain and light chain. Two distinct
experimental groups were examined: comprising unin-
fected mice and consisting of A. cantonensis-infected mice
(Fig. 2).



Figure 1. Changes of signal proteins. (a) Protein levels from mouse brains were analyzed by immunoblotting for platelet derived
growth factor receptor-beta (PDGFR-b), phosphorylated phosphoinositide 3 kinase (p-PI3K), and phosphorylated protein kinase B
(p-Akt). The infected mice were treated with AG1296 (AG), LY294002 (LY), or AG þ LY co-treatment. b-Actin was used as a loading
control. Quantification and normalization of PDGFR-b to b-actin (b), p-PI3K to b-actin (c), and p-Akt to b-actin (d) were performed
with a computer-assisted imaging densitometer system. * indicates a statistically significant increase in Angiostrongylus canto-
nensis-infected mice compared with the control. # indicates a statistically significant decrease in the treated mice compared with
A. cantonensis-infected mice.
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Influence of inhibitor-treated mice on MMP-9
activity

Gelatin zymography measures showed that MMP-9 activity
significantly increased (P < 0.05) in the brain of mice
infected with A. cantonensis. The mice that received AG
alone, LY alone, or AGeLY co-treatment showed signifi-
cantly reduced (P < 0.05) MMP-9 activity (Fig. 3).
Localization of PDGFR-b in the smooth muscle cells
of brain vessels

To confirm that PDGFR-b was localized in VSMCs, we per-
formed co-immunofluorescence with the smooth muscle
marker SM a-actin. The location of PDGFR-b in the smooth
muscle cells of brain vessels was assessed using multiple
staining techniques. DAPI staining (blue) highlighted nuclei,
DyLight 488 staining (green) delineated smooth muscle
cells, and rhodamine red staining (red) illustrated PDGFR-b
distribution. The merged image demonstrated that PDGFR-
b was colocalized with VSMCs (Fig. 4).
651
Localization of MMP-9 in the smooth muscle cells of
brain vessels

Co-immunofluorescence microscopy was used to measure
the co-localization of MMP-9 and SM a-actin in VSMCs. DAPI
staining (blue) highlighted nuclei, DyLight 488 staining
(green) delineated smooth muscle cells, and rhodamine red
staining (red) illustrated MMP-9 distribution. The merged
image conclusively demonstrated MMP-9 localization within
the smooth muscle cells of brain vessels (Fig. 5).

Influence of inhibitor-treated mice and MMP-9
knockout mice on S100B, IL-6, and TGF-b

Sandwich ELISAs were used to assay S100B, IL-6, and TGF-b
in the CSF to determine the kinetic production and their
possible role in mouse resistance to A. cantonensis. The
concentrations of S100B, IL-6, and TGF-b were significantly
higher (P < 0.05) in the infected mice than in the unin-
fected ones. Compared with the infectedeuntreated mice,
the S100B and IL-6 concentrations were significantly lower
(P < 0.05) in the infected mice that received AG alone, LY



Figure 2. Interaction between phosphorylated platelet
derived growth factor receptor-beta (p-PDGFR-b) and phos-
phorylated phosphoinositide 3 kinase (p-PI3K). Mouse brains
were immunoprecipitated with the designated antibodies
(anti-p-PDGFR-b and anti-p-PI3K) to determine the interaction
between p-PDGFR-b and p-PI3K. HC: heavy chain; LC: light
chain; Control: uninfected mice; Infected: Angiostrongylus
cantonensis-infected mice.
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alone, AGeLY co-treatment, or MMP-9 knockout mice. By
contrast, the TGF-b concentrations were significantly
higher (P < 0.05) in the infected mice that received AG
alone, LY alone, AGeLY co-treatment, or MMP-9 knockout
mice (Fig. 6).
Influence of inhibitor-treated mice and MMP-9
knockout mice on collagen type IV and fibronectin

The degraded protein levels of collagen type IV and fibro-
nectin were significantly higher (P < 0.05) in the infected
mice than in the uninfected mice. Compared to the out-
comes for the infectedeuntreated mice, collagen type IV
and fibronectin were significantly lowered (P < 0.05) in
those who received AG alone, LY alone, AGeLY co-
treatment, or MMP-9 knockout mice (Fig. 7).
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Influence of inhibitor-treated mice and MMP-9
knockout mice on BBB permeability

The disruption of the BBB was estimated through Evans blue
extravasation in the mouse model. Evans blue concentra-
tion is an indicator of BBB leakage during A. cantonensis
infection in mice. The BBB permeability increased signifi-
cantly in A. cantonensis-infected mice compared to that in
the uninfected mice. Furthermore, BBB permeability was
significantly attenuated in the mice treated with AG, LY,
AG-LY co-treatment, or MMP-9 knockout mice (Fig. 8).

Influence of inhibitor-treated mice and MMP-9
knockout mice on eosinophil counts

The eosinophils were identified using the Unopette stained
system. Eosinophil counts increased significantly in A. can-
tonensis-infected mice compared to uninfected mice. Eo-
sinophils were significantly reduced inmice treated with AG,
LY, AG-LY co-treatment, or MMP-9 knockout mice (Fig. 9).

Influence of inhibitor-treated mice and MMP-9
knockout mice on brain vasculature changes

H&E staining revealed immune cell aggregation around the
brain vasculature of wild-type mice by day 20 PI with A.
cantonensis. Conversely, this aggregation was subdued in
mice treated with AG, LY, AG-LY co-treatment, or in MMP-9
knockout mice. Moreover, quantifying leukocytes in the
cerebral vasculature via H&E-stained brain sections
exhibited a significant decrease. These findings imply a
correlation between the infiltration and aggregation of
immune cells around brain vasculature and the involvement
of PDGFR-b, PI3K, and MMP-9 during inflammation post-
infection with A. cantonensis (Fig. 10).

Worm recovery

The effectiveness of AG alone, LY alone, AGeLY co-
treatment, or MMP-9 knockout mice was assessed by
recovering and counting viable larvae from brain tissues.
The retrieval of A. cantonensis larvae was significantly
higher (P < 0.05) in infected mice compared to uninfected
ones. However, the larvae recovered from AG alone, LY
alone, AGeLY co-treatment, or MMP-9 knockout mice
exhibited a notable decrease (P > 0.05) compared to those
from infected mice (Fig. 11).

Discussion

The neurovascular unit is a complex multi-cellular structure
consisting of endothelial cells, neurons, glia, pericytes,
VSMCs, and extracellular matrix (ECM).16 Larger vessels are
additionally enveloped by pericytes and VSMCs, which in-
crease their stability and regulate their perfusion and form
the BBB.17 Vascular changes, including BBB destabilization,
are common pathological features in angiostrongyliasis



Figure 3. Changes of matrix metalloproteinase-9 (MMP-9). MMP-9 of cerebrospinal fluid (CSF) (a) or brain (c) were determined by
zymography. The Angiostrongylus cantonensis-infected mice were treated with AG1296 (AG) alone, LY294002 (LY) alone, or AG þ LY
co-therapy. The relative intensities of the CSF (b) and brain (d) were quantified using a computer-assisted imaging densitometer
system. *indicates a statistically significant increase in A. cantonensis-infected mice compared with the control. #indicates a
statistically significant decrease in the treated-mice compared with A. cantonensis-infected mice.

Figure 4. Localization of platelet derived growth factor receptor-beta (PDGFR-b) in the smooth muscle cells of brain vessels. (a)
DAPI staining (blue) of nuclei; (b) DyLight 488 staining of smooth muscle cells (green); (c) rhodamine red staining of PDGFR-b (red);
(d) merged image (yellow) showing that PDGFR-b was localized in the smooth muscle cells of brain vessels (white arrowheads).
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Figure 5. Localization of matrix metalloproteinase-9 (MMP-9) in the smooth muscle cells of brain vessels. (a) DAPI staining (blue)
of nuclei; (b) DyLight 488 staining of smooth muscle cells (green); (c) rhodamine red staining of MMP-9 (red); (d) merged image
(yellow) showing that MMP-9 was localized in the smooth muscle cells of brain vessels (white arrowheads).
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meningoencephalitis.18 BBB dysfunction is not always a bi-
nary “open or shut” phenomenon. Gradations in BBB
permeability may reflect subtle perturbations in cellecell
signaling within the entire neurovascular unit.19 VSMC
modulation plays a key role in brain inflammation, whereby
the contractile VSMCs are involved in migration. Another
evidence shows that VSMCs may have a proinflammatory
reaction and secrete MMP-9, which may functionally regu-
late infiltrated leukocytes during brain inflammation. Fac-
tors that drive the inflammatory reaction are not limited to
cytokines but also include hemodynamic forces imposed on
the blood vessel wall, intimate interaction of endothelial
cells with VSMCs, and changes in the matrix composition of
the vessel wall. This model is likely to be a useful tool for
understanding the curative effects of AG1296 and LY294002
co-therapy in A. cantonensis-induced neurovascular unit
dysfunction and can be valuable in the investigation of the
influence of VSMCs on BBB in diseased states of angios-
trongyliasis meningoencephalitis.

High levels of MMPs can damage the neurovascular ma-
trix and cause BBB injury, edema, and hemorrhage.20

Experimental models and clinical patient populations sug-
gest that MMPs may disrupt BBB permeability and interfere
with cellecell signaling in the neurovascular unit.21 Our
previous study showed that MMP-9 can degrade BBB tight
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junction and function in the neurovascular unit, and it has
been proposed as a potential biomarker in angios-
trongyliasis meningoencephalitis.3 However, very few
research studied the matrix degradation of neurovascular
unit in brain inflammation. In this study, MMP-9 knockout
mice showed significant reductions in the two main com-
ponents of the neurovascular matrix adhesion zone, that is,
collagen type IV as the basement membrane component
and fibronectin as a crucial part of the ECM. These results
suggested that AG and LY co-therapy improved neuro-
vascular matrix integrity and may comprise a set of medi-
ators and targets for potential drug design to
angiostrongyliasis meningoencephalitis.

VSMCs have been widely recognized as key players in the
regulation of BBB function22; however, their mechanisms in
angiostrongyliasis meningoencephalitis are unclear. This
study aimed to identify the cell surface mechanoreceptors
and intracellular signaling pathways that influence VSMCs
to produce MMP-9 in response to A. cantonensis infection.
Our approach was to evaluate the participation of the
PDGFR-b/PI3K/Akt pathway in the expression of MMP-9 in
mice with eosinophilic meningoencephalitis. For this pur-
pose, MMP-9 activity was detected in A. cantonensis-
infected mice in the presence of the PDGFR-b inhibitor AG.
The results showed that MMP-9 activity was reduced by AG.



Figure 6. Changes in S100B and cytokines. Time-course studies of S100B (a), interleukin-6 (IL-6) (c), and transforming growth
factor-beta (TGF-b) (e) in Angiostrongylus cantonensis-infected mouse brains were performed using ELISA. The concentrations of
S100B (b), IL-6 (d), and TGF-b (f) were significantly different (P < 0.05) in A. cantonensis-infected mice compared with AG1296 (AG)
alone, LY294002 (LY) alone, AG þ LY co-therapy, or matrix metalloproteinase-9 (MMP-9) knockout (KO) mice. * indicates a sta-
tistically significant increase in A. cantonensis-infected mice compared with control. # indicates a statistically significant decrease
in the treated mice and MMP-9 knockout mice compared with A. cantonensis-infected mice.
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Furthermore, we explored whether PI3K/Akt signaling is
involved in the expression of MMP-9. The mice that
received PI3K inhibitor LY treatment also showed a signifi-
cantly reduced MMP-9 activity. To further investigate the
MMP-9 induced by PDGFR-b/PI3K/Akt signaling in VSMCs,
we used co-immunoprecipitation assay and observed that
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PDGFR-b interacted with PI3K protein. Immunofluorescence
showed that MMP-9 and the VSMC marker SM a-actin co-
localized in the blood vessel. These data suggested that
PDGFR-b inhibitor AG and PI3K inhibitor LY co-therapy
blocked the activation of the PDGFR-b/PI3K/Akt signaling
axis and reduced MMP-9 expression.



Figure 7. Degradation of collagen type IV and fibronectin. The degradation of collagen type IV (a) and fibronectin (c) was
analyzed in the brains of wild-type, AG1296 (AG)-treated, LY294002 (LY)-treated, AG þ LY co-treated, and matrix
metalloproteinase-9 (MMP-9) knockout (KO) mice using Western blot analysis during Angiostrongylus cantonensis infection.
Quantification and normalization of collagen type IV (b) and fibronectin (d) to b-actin were performed with a computer-assisted
imaging densitometer system. *indicates a statistically significant increase in A. cantonensis-infected mice compared with the
control. # indicates a statistically significant decrease in AG1296 (AG) alone, LY294002 (LY) alone, AG þ LY co-therapy, or MMP-9
knockout (KO) mice compared with A. cantonensis-infected mice.

Figure 8. Changes of blood-brain barrier (BBB) permeability.
Mouse BBB permeability was detected by extravasation of
Evans Blue during Angiostrongylus cantonensis infection. Evans
Blue dye units significantly increased (*P < 0.05) in A. canto-
nensis-infected mice (infected) compared with those in unin-
fected controls. Mice treated with AG1296 (AG) alone,
LY294002 (LY) alone, AG þ LY co-therapy, or MMP-9 knockout
(KO) mice showed significantly lower (#P < 0.05) Evans Blue dye
units compared with the untreated A. cantonensis-infected
mice.

Figure 9. Changes of eosinophil counts. Eosinophil counts
significantly increased (*P < 0.05) in Angiostrongylus canto-
nensis-infected mice compared with the uninfected controls.
Treatment with AG1296 (AG) alone, LY294002 (LY) alone,
AG þ LY co-therapy, or matrix metalloproteinase-9 knockout
(KO) mice significantly decreased (#P < 0.05) the eosinophil
levels compared with the untreated infected mice.

K.-M. Chen and S.-C. Lai

656



Figure 10. Histological results evaluated by H&E in brain
vasculature. (a) Uninfected wild type mice. (b) Wild-type mice
infected with Angiostrongylus cantonensis on day 20 post-
inoculation. (c) Treatment with AG1296 (AG). (d) Treatment
with LY294002 (LY). (e) Combined treatment with AG and LY.
(f) Matrix metalloproteinase-9 knockout mice infected with A.
cantonensis on day 20 PI. Arrowheads indicate infiltrated leu-
kocytes. Bar scale Z 80 mm. (g) Quantification of leukocytes in
the brain vasculature using H&E stained brain sections.

Figure 11. Worm recovery. The retrieval of Angiostrongylus
cantonensis larvae exhibited a notable increase (P < 0.05) in
infected mice compared to their uninfected counterparts. In
contrast to the results observed in infected mice, the recovery
of larvae markedly decreased (P < 0.05) in those administered
AG alone, LY alone, AGeLY co-treatment, or in MMP-9 knockout
mice.
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Albendazole has been recognized for its efficacy against
A. cantonensis owing to its larvicidal properties and its
ability to mitigate the inflammatory response by reducing
MMP-9 activity.23 In this study, we assessed the effectiveness
of AG alone, LY alone, AGeLY co-treatment, or MMP-9
knockout mice by recovering and quantifying viable larvae
from brain tissues. It was observed that the retrieval of A.
cantonensis larvae was notably higher in infected mice
compared to uninfected ones. However, larvae recovered
from mice treated with AG alone, LY alone, AGeLY co-
treatment, or MMP-9 knockout showed a significant
decrease compared to infectedmice. Despite demonstrating
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statistically significant insecticidal effects, these treat-
ments were found to be notably less effective than alben-
dazole. Following treatment, the severity was substantially
reduced, and symptoms did not recur. Additionally, neuro-
inflammation is regulated by the activities of endothelial,
neuronal, and glial cells within the neurovascular unit, which
serves as a platform for the coordinated action of pro- and
anti-inflammatorymechanisms.24 Specific biomarkers target
neurovascular units, such as S100B and inflammatory cyto-
kine IL-6.25 Our previous study showed that S100B can be
used as a biomarker in BBB damage in angiostrongyliasis
meningoencephalitis.18 In this study, we showed that AG and
LY co-therapy significantly decreased S100B and pro-
inflammatory cytokine IL-6 but significantly increased the
anti-inflammatory cytokine TGF-b. This model may be a
useful tool for future studies directed at understanding the
pathogenesis of neurological inflammation associated with
neurovascular unit dysfunction. These findings demonstrate
that AG and LY co-therapy can reduce neuroinflammation in
angiostrongyliasis meningoencephalitis.

Brain VSMCs are a critical component of the neurovascular
unit and important in regulating BBB integrity.11 We propose
a possible mechanism (Fig. 12) to explain the contribution of
PDGFR-b/PI3K/Akt signaling in VSMCs to BBB damage during
A. cantonensis infection. AG inhibits PDGFRb-induced PI3K/
Akt in VSMCs during A. cantonensis infection, resulting in the
reduction of MMP-9. In addition, AG treatment decreased
matrix degradation and BBB permeability. The PI3K inhibitor
LY had similar results. LY treatment decreased matrix
degradation and BBB permeability. These results imply that
AG and LY co-therapy inhibited the activation of the PDGFR-
b/PI3K/Akt signaling axis and reduced neurovascular unit
dysfunction.



Figure 12. Possible mechanisms of AG1296 (AG) and LY294002 (LY) co-therapy in Angiostrongylus cantonensis-induced neuro-
vascular unit dysfunction and eosinophilic meningoencephalitis. Vascular smooth muscle cell (VSMC) release MMP-9 which leading
to neurovascular matrix integrity disruption via the platelet derived growth factor receptor-beta (PDGFR-b)/phosphorylated
phosphoinositide 3 kinase (p-PI3K)/phosphorylated protein kinase B (p-Akt) signaling pathway. (a) Mice infected with A. canto-
nensis induced PDGFR-b/PI3K/Akt signaling proteins in the VSMC. The cell contributed to the elevation of MMP-9, which led to
neurovascular matrix degradation. (b) Blocking of PDGFR-b signaling by AG can reduce PI3K/Akt signaling proteins, MMP-9 activity,
and matrix protein degradation. Furthermore, LY inhibited PI3K/Akt signaling in VSMC during A. cantonensis infection, resulting in
the reduced MMP-9 activity and matrix protein degradation.
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The primary objective in designing and assessing drug
combinations revolves around achieving synergistic effects,
showcasing that the combined impact surpasses what would
be expected from the sum of individual drug effects.
Nevertheless, the co-administration of AG1296 and
LY294002 fails to exhibit an additive effect on p-PDGFR-b
and p-PI3K protein. This outcome may stem from two po-
tential factors: (1) Interactions among biological signaling
pathways create intricate networks due to their numerous
components. (2) While drug combinations can yield syner-
gistic effects, they may also produce antagonistic or addi-
tive outcomes. The amalgamation of therapies doesn’t
invariably ensure synergy or additivity and might involve
risks of overlapping toxicity. Hence, there’s an urgent need
to comprehend the current status and underlying mecha-
nisms of AG1296 and LY294002 combination therapy.

Our data indicated that A. cantonensis induced MMP-9
production in brain VSMCs through the activation of the
PI3K/Akt pathway, which is mediated by activation of
PDGFR-b signaling pathways. Inhibition of PDGFR-b signaling
pathways preserved the integrity of the neurovascular ma-
trix after experimental eosinophilic meningoencephalitis.
Targeting PDGFR-b signaling may be advantageous in
ameliorating brain inflammation following eosinophilic
meningoencephalitis. Collectively, the brain infected with
A. cantonensis induces MMP-9 production in VSMCs via the
PDGFR-b-dependent activation of the PI3K/Akt pathway.
These findings demonstrate the potential of PDGFR-b inhib-
itor AG and PI3K inhibitor LY co-therapy as anti-A.
658
cantonensis drug candidates through improved neuro-
vascular unit dysfunction and reduced inflammatory
response.
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