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Abstract

Background: Neuraminidase (NA) is a sialidase present, among various locations, in the envelope/membrane of
some bacteria/viruses (e.g., influenza virus), and is involved in infectiveness and/or dispersion. The administration of
NA within the brain lateral ventricle represents a model of acute sterile inflammation. The relevance of the Toll-like
receptors TLR2 and TLR4 (particularly those in microglial cells) in such process was investigated.

Methods: Mouse strains deficient in either TLR2 (TLR2-/-) or TLR4 (TLR4-/-) were used. NA was injected in the lateral
ventricle, and the inflammatory reaction was studied by immunohistochemistry (IBA1 and IL-1β) and qPCR (cytokine
response). Also, microglia was isolated from those strains and in vitro stimulated with NA, or with TLR2/TLR4
agonists as positive controls (P3C and LPS respectively). The relevance of the sialidase activity of NA was
investigated by stimulating microglia with heat-inactivated NA, or with native NA in the presence of sialidase
inhibitors (oseltamivir phosphate and N-acetyl-2,3-dehydro-2-deoxyneuraminic acid).

Results: In septofimbria and hypothalamus, IBA1-positive and IL-1β-positive cell counts increased after NA injection
in wild type (WT) mice. In TLR4-/- mice, such increases were largely abolished, while were only slightly diminished in
TLR2-/- mice. Similarly, the NA-induced expression of IL-1β, TNFα, and IL-6 was completely blocked in TLR4-/- mice,
and only partially reduced in TLR2-/- mice. In isolated cultured microglia, NA induced a cytokine response (IL-1β,
TNFα, and IL-6) in WT microglia, but was unable to do so in TLR4-/- microglia; TLR2 deficiency partially affected the
NA-induced microglial response. When WT microglia was exposed in vitro to heat-inactivated NA or to native NA
along with sialidase inhibitors, the NA-induced microglia activation was almost completely abrogated.

Conclusions: NA is able to directly activate microglial cells, and it does so mostly acting through the TLR4 receptor,
while TLR2 has a secondary role. Accordingly, the inflammatory reaction induced by NA in vivo is partially
dependent on TLR2, while TLR4 plays a crucial role. Also, the sialidase activity of NA is critical for microglial
activation. These results highlight the relevance of microbial NA in the neuroinflammation provoked by NA-bearing
pathogens and the possibility of targeting its sialidase activity to ameliorate its impact.
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Introduction
Toll-like receptors (TLRs) are a large family of membrane
proteins which recognizes conserved structural motifs
found in microbes, the so-called pathogen-associated mo-
lecular patterns (PAMPs), as well as patterns belonging to
the individual itself, the damage-associated molecular pat-
terns (DAMPs) [1, 2]. Therefore, they serve as sensitive
sensors and contribute to a first line of defense in the im-
mune response. TLRs are widespread but are particularly
expressed in immune cells. Among the various subtypes
described so far, TLR2 and TLR4 are relevant (although
not the only) in the initiation of the inflammatory re-
sponse within the central nervous system (CNS) [3–5].
In bacterial and viral CNS infections, the participation

of receptors TLR2 and TLR4 has been documented [5, 6].
Peptidoglycans of bacterial cell wall, and lipopolysacchar-
ide (LPS) of the outer membrane of Gram-negative bac-
teria, are well known specific ligands of TLR2 and TLR4
respectively. Both trigger intracellular signaling pathways,
specifically a MyD88-dependent pathway that ends in the
activation of the nuclear factor kappa B (NF-κB), with the
subsequent increase in the expression of pro-
inflammatory cytokines such as interleukin 1 beta ( IL-1β)
and tumor necrosis factor alpha (TNFα) [3, 5, 7]. TLR4
signaling can also elicit the synthesis of interferon beta
(IFNβ) [8]. Besides, the activation of TLR2 and TLR4 re-
sults in the increased production of reactive oxygen spe-
cies (ROS), which contributes to pathogen death and to
T-lymphocyte activation [9].
Apart from peptidoglycans and LPS, other known mi-

crobial PAMPs include glycoproteins, glycolipids and
mannose-rich glycans, flagellin, porins, lipoteichoic
acids, various microbial lipids, zymosan, and bacterial
and viral nucleic acids (like single- or double-stranded
viral RNA) [10–15]. The knowledge about microbial
components recognized as PAMPs is valuable in the de-
sign of strategies (e.g., vaccines) to fight infections.
The enzyme neuraminidase (NA) is part of the envelope

of certain viruses, among which is influenza virus [16]. It
can also be found in a wide range of bacteria, both patho-
genic or not [17, 18]. Some of these NA-bearing microbes
may invade the CNS and produce infections, as is the case
of mumps virus [19], several strains of bacteria-producing
meningitis [20], and occasionally even Clostridium perfrin-
gens [21]. Besides, reports of influenza virus provoked
neurologic complications are frequent [22–24]. In some of
these pathogens, NA has been related to the infection
and/or dispersion mechanisms, and therefore to their
virulence, as is the case of influenza virus [25]. In fact,
some of the most extended treatments for flu infection
consist of NA inhibitors such as oseltamivir [26].
The importance of NA in the CNS infective process

provoked by these pathogens can be modeled by its intra-
cerebroventricular (ICV) administration in experimental

animals [27, 28]. The sole presence of NA within the ven-
tricular system triggers an acute neuroinflammatory
process, evidenced by cellular infiltration, gliosis, and pro-
inflammatory cytokines expression [29, 30]. Also, NA it-
self can induce the activation of the complement system,
which is present in the cerebrospinal fluid [31]. Other
damages provoked by NA in the CNS include myelin
vacuolation, ependymal denudation, ventriculomegaly,
and eventually hydrocephalus [27, 28, 32]. The wide range
of effects of NA within the CNS makes it worth to explore
its mechanism of action. For example, it is unknown if
TLRs are involved in the inflammatory process induced by
NA and if these receptors recognize NA as a PAMP. To
investigate this, we applied this NA-induced inflammation
model to wild type (WT), TLR2 knockout (TLR2-/-), and
TLR4 knockout (TLR4-/-) mice, and evaluated the extent
of the inflammatory process.
Microglial cells represent the first line of defense

against pathogens invading the CNS, and they express
several isoforms of TLRs [4–6]. To explore the relevance
of TLR signaling in microglial cells during NA-induced
inflammation, microglia cultures obtained from WT,
TLR2-/-, and TLR4-/- mice were in vitro stimulated with
NA. Finally, as NA has a sialidase activity, the relevance
of such activity for the effects of NA on microglia was
investigated as well.

Material and methods
Animals
TLR2 (B6.129-Tlr2tm1kir/J) and TLR4 (B6.B10ScN-
Tlr4lps-del/JthJ)-deficient mice (TLR2-/- and TLR4-/- re-
spectively) were breed by The Jackson Laboratory and
purchased through Charles River Laboratories (Lyon,
France). The wild-type strain used as control was
C57BL/6 J. These animals were maintained in the animal
house at Universidad de Málaga, under a 12 h light/dark
cycle, at 23 °C and 60% humidity, with food and water
available ad libitum. Animal care and handling were per-
formed according to the guidelines established by Span-
ish legislation (RD 53/2013) and the European Union
regulation (2010/63/EU). All procedures performed were
approved by the ethics committee of Universidad de
Málaga (Comité Ético de Experimentación de la Univer-
sidad de Málaga; reference 2012-0013). All efforts were
made to minimize the number of animals used and their
suffering.

Intracerebroventricular injection
An acute and sterile neuroinflammatory process was gen-
erated in mice by a single injection of the enzyme NA
within the right lateral ventricle of the brain [27, 28].
Sham rodents were injected with 0.9% sterile saline. Ani-
mals were sacrificed at different times after the injection.
Intracerebroventricular (ICV) injection procedure was
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performed as previously described in rats [29], but in this
case, fine-tuned for mice. Briefly, the animals were anes-
thetized and positioned in a stereotaxic frame. A scalp in-
cision along the sagittal midline was performed to access
the skull and the bone was perforated with a drill in the
following coordinates: 0.1 mm posterior and 0.9 mm lat-
eral from Bregma [33]. NA from Clostridium perfringens
(Sigma-Aldrich, N3001) dissolved in 0.9% sterile saline
was administered by a single injection 2.0 mm below the
dura mater with the aid of a pump; the amount of NA
injected was 75 mU in 1 μL, perfused during 5 min at a
rate of 0.2 μL/min. The animals were sacrificed at differ-
ent times post-injection and their brains were used for
RNA extraction or for immunohistochemistry (6 and 24
h, respectively).

Isolation and culture of microglial cells
Microglial cells were isolated according to Saura’s
method [34]. The mix cell cultures were obtained from
3 to 5-day-old mice sacrificed by decapitation. The
brains were dissected out and meninges eliminated. Cor-
tical brain tissue was disrupted in the presence of 0.25%
trypsin solution plus 1 mM of ethylenediaminetetraace-
tic acid (EDTA) in Hank’s Balanced Salt Solution (HBSS;
Sigma). After mechanical and chemical dissociation, cells
were harvested by centrifugation (300×g, 10 min) and
seeded in Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM-F12; Gibco), supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich) and 1%
penicillin/streptomycin (Sigma-Aldrich) at a density of
250,000 cells/mL, and cultured at 37 °C in humidified
5% CO2. The medium was replaced every 5 days; conflu-
ence was achieved after 2 weeks. After maintaining the
culture in confluence for 1–2 weeks, microglial cells
were isolated by the following mild trypsinization
method. The medium was removed and the mixed cul-
ture carefully washed; then it was treated with 0.25%
trypsin solution plus 1 mM EDTA in HBSS during 1 h
at 37 °C. During this incubation, the main monolayer de-
taches like a sheet, leaving exposed the microglia under-
neath which is adhered to the plate bottom. The purity
of these microglial cultures was checked by immuno-
cytochemistry and usually was about 95%. The average
yield with this method was about 5000 cells/well in 24
multiwell plates and about 20,000 cells/well in 12 multi-
well plates (Sigma-Aldrich, TPP tissue culture plates).
Microglial cultures were obtained from wild type,
TLR2-/- and TLR4-/- mouse strains. When required,
microglial cultures were activated by the addition of [1]
the synthetic triacylated lipoprotein Pam3CSK4 (P3C;
InvivoGen, 12A10-MM; 2 μg/mL), which is an agonist
of TLR2 [2]; ultrapure (a highly purified fraction from E.
coli) lipopolysaccharide (LPS; InvivoGen, 13I06-MM; 5
μg/mL), which is a specific ligand of TLR4; or [3] NA

(Sigma-Aldrich, N3001; 50 mU/mL), whose effect on
microglial cells is under investigation herein.

Sialidase activity inactivation and inhibition
The sialidase activity of NA was eliminated by either a heat
treatment or with inhibitors. For heat-inactivation, NA (50
mU/mL) was incubated at 60 °C during 20 min. The
sialidase inhibitors used were oseltamivir phosphate (Sigma-
Aldrich, 100 μg/mL) or N-acetyl-2,3-dehydro-2-deoxyneura-
minic acid (NADNA; Sigma-Aldrich, 250 μg/mL).
To verify the inactivation or inhibition of the sialidase

activity of NA, lectin histochemistry was performed on
tissue sections. Briefly, deparaffinized brain sections were
treated with native NA, or with heat-inactivated or
inhibited NA, for 24 h at 37 °C. The sialidase activity of
NA was evaluated by the removal of sialic from the
ependymal surface. The presence of sialic acid was evi-
denced by the biotinylated lectin Sambucus nigra agglu-
tinin (SNA, Vector Laboratories), chosen for its affinity
to sialic acid residues. The tissue sections were incu-
bated with SNA (10 μg/mL) diluted in PBS, for 1 h at 37
°C. The biotinylated lectin bound to the tissue was later
identified by the ABC system (see “Immunohistochemis-
try” section below).
The inactivated/inhibited NA was used to stimulate

cultured microglial cells. Native or inactivated/inhibited
NA was added to microglial cells isolated from WT mice
and was kept for 24 h. Microglia were then harvested for
RNA isolation and quantitative PCR (qPCR). The stimu-
lation was evaluated by the expression of the cytokines
IL-1β and TNFα.

Immunohistochemistry
Free-floating vibratome sections were first treated, to
quench endogenous peroxidase, with 10% methanol and
3% hydrogen peroxide in PBS during 45 min. After wash-
ings with PBS, nonspecific binding sites were saturated
with PBT solution (0.3 % bovine serum albumin, 0.3% Tri-
ton X-100 in PBS pH 7.3). Primary antibodies were rabbit
anti-rat IBA1 (Wako), and goat anti-rat IL-1β (R&D Sys-
tems), both diluted 1:500 in PBT solution. The primary
antibodies were incubated overnight at 4 °C. The following
morning the sections were washed with PBS and incu-
bated with the appropriate biotinylated secondary anti-
body (goat anti-rabbit, Pierce; or rabbit anti-goat, Vector)
diluted 1:1000 in PBT, at room temperature for 1.5 h. The
avidin-biotin-complex amplification system (ABC; 1:250
dilution; Thermo Fisher Scientific) was used afterwards (at
room temperature, 45 min) to detect the secondary bio-
tinylated antibodies. The peroxidase activity was revealed
with 0.05% diaminobenzidine and 0.03% hydrogen perox-
ide in PBS for 10 min. After thorough washes, the sections
were then mounted onto gelatin-coated slides, air-dried,
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dehydrated in graded ethanol, cleared in xylene, and cov-
erslipped with Eukitt mounting medium.

RNA isolation
Animals were anesthetized and transcardially perfused
with heparinized 0.9% saline. The brains were then ex-
tracted and properly dissected under RNase-free condi-
tions. Immediately after dissection, tissue samples were
immersed in RNA later (Sigma-Aldrich) and kept over-
night at 4 °C. The next day, this solution was removed
and the tissue pieces placed at – 80 °C for storage until
RNA isolation.
Total RNA from the hypothalamic region was isolated

using TRIzol reagent (Invitrogen). One milliliter of re-
agent was added to about 100 mg of tissue, and RNA
was isolated following manufacturer’s instructions. Fi-
nally, the RNA was resuspended in a volume of ≤ 50 μL
of RNase-free water.
When RNA was isolated from microglia cultures, the

culture medium was removed, the cells washed with cold
PBS, and TRIzol reagent was added to the well (0.5–1
mL, depending on the type of culture plate), to have
about 20 × 103 cells/mL of TRIzol. Cells were homoge-
nized by passing TRIzol solution through a pipette sev-
eral times. RNA isolation proceeded as indicated by the
manufacturer, adjusting the volume of reagents when re-
quired (0.5 mL starting volume of TRIzol).
The concentration of RNA was measured in a Nano-

Drop microvolume spectrophotometer (NanoDrop 1000,
Thermo Fisher Scientific). The A260/280 ratio of the iso-
lated RNA was usually about 1.8.

Reverse transcription
Before preparing the reverse transcription (RT) reaction,
RNA samples were diluted with RNase-free water in
order to bring them to a similar range of RNA concen-
tration. cDNA synthesis from isolated total RNA was
performed using the SuperScriptTM III First-Strand Syn-
thesis (Invitrogen). The reaction mix was prepared ac-
cording to the manufacturer’s protocol, and RNA was
added to have ≈ 500 ng in a final volume of 20 μL. The
RT reaction was carried out in a thermocycler (Master-
Cycler Gradient, Eppendorf). In these conditions, the
resulting cDNA concentration should be equivalent to
25 ng RNA/μL. cDNA was stored at – 20 °C

Quantitative PCR
Real-time PCR was used to quantify specific mRNAs
represented in cDNA samples. The hot start reaction
mix FastStart Essential DNA Green Master (Roche),
based on SYBR Green I fluorescence dye, was used for
this purpose. PCR reactions were prepared following
manufacturer’s instructions. Forward and reverse
primers were used at a final concentration of 0.4 μM

and cDNA at 10 ng (amount established after prelimin-
ary trials). The qPCR reaction was carried out in a Light-
Cycler 96 Instrument (Roche). The information obtained
(amplification curves, melting curves and crossing
points, CP, or cycle threshold, Ct) for each transcript
was processed using the software provided with the
LightCycler equipment.
To estimate the PCR efficiency (E), serial dilutions of

the cDNA samples were amplified, and E is calculated
according to the equation E = 10[-1/slope] [35]. Relative
quantification was based on the level of expression of a
target gene relative to the level of expression of a refer-
ence gene [36], which was glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).
Primers to target the mRNA of genes related to in-

flammation (Table 1) were designed using the program
Primer3 (https://primer3.org/). Target genes sequences
were obtained from the Genbank NCBI Reference Se-
quence (https://www.ncbi.nlm.nih.gov/).

Image acquisition
Images of immunostained tissue were acquired for cell
quantification purposes; sometimes cells were counted
directly under the microscope. Photographs were sys-
tematically taken from the brain areas of interest, using
a digital camera (Nikon Digital Sight, DS.Fi1) coupled to
an optical microscope (Leica, model DMLB) using NIS
Elements software F2.20 (Nikon).

Statistical analysis
Comparisons of data were carried out using SPSS Statis-
tics software. The Kolmogorov-Smirnov normality tests,
along with the Levene homoscedasticity test, were used
to verify if data could be analyzed by parametric
methods. Two-way analysis of variance (ANOVA) was
used to compare groups’ means of immunopositive-cell
counts or qPCR gene expression. The Kruskal-Wallis
test was performed for the non-parametric data. Pairwise
multiple comparisons were performed by Tukey’s or
Bonferroni tests. Non-parametric data was analyzed by
pairwise comparisons done with Holm-Sidak or

Table 1 Sequence of primers used for qPCR

Gene Primers (5′→3′) Product size (bp) Accession #

GAPDH TGAACGGGAAGCTCACTGG 307 NM_008084.3

TCCACCACCCTGTTGCTGTA

IL-1β GAGTGTGGATCCCAAGCAAT 201 NM_008361.4

ACGGATTCCATGGTGAAGTC

TNFα GATTATGGCTCAGGGTCCAA 197 NM_013693.3

ACAGAGGCAACCTGACCACT

IL-6 TTCCATCCAGTTGCCTTCTT 199 NM_031168.2

CAGAATTGCCATTGCACAAC
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Tamhane tests. Differences were considered significant
when a P value < 0.05 was obtained.

Results
Intracerebroventricular NA increased the number of IBA1-
positive and IL-1β-positive cells and induced the
overexpression of pro-inflammatory cytokines in a TLR2/
TLR4-dependent manner
Wild-type, TLR2-/- and TLR4-/- mice were ICV injected
with NA, and sacrificed 24 h later. Brain sections were sub-
jected to immunolabeling with selected markers: i) IBA1,
which labels microglia and peripheral, perivascular, and
meningeal macrophages; ii) IL-1β, a pro-inflammatory cyto-
kine expressed in microglia which indicates its pro-
inflammatory activation.
Mice injected with saline showed a homogeneous dis-

tribution of microglial cells in the septofimbria (Fig. 1a–
c) and the hypothalamus (Fig. 1d–f). Microglia presented
a moderate IBA1 staining and a ramified morphology.
No apparent differences were observed between saline-
injected WT (Fig. 1a, d), TLR2-/- (Fig. 1b, e), and
TLR4-/- (Fig. 1c, f) mice.
IBA1 staining considerably increased after NA injec-

tion in the three strains, both in the septofimbria (Fig.
1g–i) and in the hypothalamus (Fig. 1j–l), indicating the
activation of microglial cells. Not only IBA1 staining in-
creased but also cells appeared partially de-ramified and
with a larger cell body. This morphological change was
more evident in the septofimbria (compare Fig. 1a and
g) than in the hypothalamus (compare Fig. 1d and j).
The morphological change of microglia induced by NA
has been previously reported in both brain regions [30].
Both TLR2-/- mice (Fig. 1h, k) and TLR4-/- mice (Fig. 1i,
l) showed a similar response to NA to that observed in
WT mice (Fig. 1g, j), that is, IBA1 overexpression, en-
largement of the cell body, and some thickening and
shortening of ramifications.
IBA1-positive cell counts were performed in the septo-

fimbria (close to the ICV injection site; Fig. 1m) and in
the hypothalamus (farther form the injection site; Fig.
1n). In both locations, the number of IBA1-positive cells
increased after NA-injection compared to saline-injected
animals. However, such increase occurred only in WT
and TLR2-/- animals (P < 0.001 vs corresponding saline),
but not in TLR4-/- mice, where cell counts were similar
to those of the saline-treated group.
In microglial cells, IL-1β expression is associated with

a proinflammatory state. This cytokine is overexpressed
in microglial cells few hours after NA stimulation [30].
The number of IL-1β positive cells provides valuable in-
formation about the inflammation degree coming about
in the tissue. While saline-treated animals were essen-
tially devoid of IL-1β positive cells (not shown) 24 h
after ICV injection, NA administration resulted in the

emergence of IL-1β positive cells in various brain loca-
tions, particularly in periventricular areas including the
septofimbria (Fig. 2a–c) and the hypothalamus (Fig. 2d–
f). The intensity of the IL-1β immunostaining was higher
in WT mice (Fig. 2a, d), more moderate in TLR2-/- mice
(Fig. 2b, e), and quite faint in TLR4-/- mice (Fig. 2c, f).
These observations were supported by IL-1β-positive cell
counts, as NA injection resulted in increased IL-1β cell
counts in the three strains when compared with their re-
spective saline controls (Fig. 2g–h). While in WT mice,
NA provoked a remarkable increase in the number of
IL-1β-positive cells (P < 0.001 vs saline WT), a similar
although milder increase was observed in TLR2-/- mice
(P < 0.001 vs NA WT). In TLR4-/- mice, NA also in-
duced expression of IL-1β in some cells, but in this case
in a more restricted population than in WT or TLR2-/-

(P < 0.001 vs NA WT or NA TLR2-/-).
The NA-induced inflammatory reaction was further an-

alyzed by quantifying the mRNA levels of pro-
inflammatory cytokines by qPCR. Wild type, TLR2-/-, and
TLR4-/- mice were saline or NA injected and sacrificed 6
h later. The hypothalamus was dissected out for total
RNA isolation and qPCR. This brain region was preferred
for this study because it is surrounding the third ventricle,
the route of the cerebrospinal fluid flow just after the in-
jection of NA within the lateral ventricle, and also distant
enough from the injection site as to be devoid of injection
damage. NA induced a significant increase of IL-1β ex-
pression (Fig. 3a) in the hypothalamus of WT and TLR2-/-

mice compared to saline-injected animals (P < 0.001 and
P < 0.005 respectively), but not in TLR4-/- mice. Similarly,
TNFα levels (Fig. 3b) were higher after NA-injection in
WT (P < 0.001 vs saline WT) and in TLR2-/- (P < 0.005 vs
saline TLR2-/-) mice, but not in TLR4-/- animals.
Interleukin-6 (IL-6) mRNA levels behaved in a similar
way (Fig. 3c), presenting increased values in WT (P <
0.001 vs saline WT) and in TLR2-/- mice (P < 0.005 vs sa-
line TLR2-/-) injected with NA, but not in TLR4-/- animals.
Therefore, in TLR4-/- animals, no differences were ob-
served between NA-treated and saline-injected animals
for any of the cytokines analyzed. Also, when comparing
WT and TLR2-/- strains both under NA stimulation, the
overexpression of IL-1β, TNFα, and IL-6 was milder in
TLR2-/- mice than in WT ones (P < 0.05 vs NA WT for
the three cytokines).

In cultured microglia, NA induced a TLR4-dependent
overexpression of pro-inflammatory cytokines
To find out whether microglial cells can initiate by
themselves the inflammatory response provoked by NA,
and also to elucidate if NA acts through TLR2 and/or
TLR4 receptors, microglia were isolated from WT,
TLR2-/-, and TLR4-/- mice to obtain cultures of micro-
glial cells. These primary microglial cultures were
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stimulated with NA or with specific ligands for TLR2
and TLR4: P3C, a synthetic triacylated lipoprotein which
specifically activates TLR2, and ultrapure LPS, which is a
specific ligand for TLR4. Control cultures were added

saline. Six hours after NA, P3C, or LPS addition, total
RNA was isolated and the expression of the pro-
inflammatory cytokines IL-1β, TNFα, and IL-6 was
quantified by qPCR (Fig. 4).

Fig. 1 IBA1 immunostaining and cell counts after NA-induced neuroinflammation in TLR2- or TLR4-deficient mice. Animals were ICV injected with
saline or NA and sacrificed 24 h after the injection. The microglia located in the septofimbria (a–c, g–i) and the hypothalamus (d–f, j–l) was
analyzed. Upon NA-injection, IBA1 staining of microglial cells increased in WT as well as in TLR2-/- and TLR4-/- mice (g–l). Besides, cells presented a
less ramified morphology, except for those from TLR4-/- mice, where microglia appeared more ramified than that of WT or TLR2-/- mice. IBA1-
positive cell counts (m–n) revealed an increase in microglial cells after NA-injection both in the septofimbria (m) and in the hypothalamus (n).
However, such increase did not occur in the TLR4-/- strain, which presented IBA1-positive cell counts similar to those of the saline-treated
controls. The histograms present the mean + SD of n = 3 saline injected or n = 9–10 NA-injected animals (for each strain). The Kruskal-Wallis test
was used for comparing group means. Letters a and b above bars indicate the absence (if the same letter appears) or presence (if different letters
appear) of a statistical difference between groups (P < 0.001). SF = septofimbria; H = hypothalamus; Sal = saline treatment; NA =
neuraminidase treatment
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Two-way ANOVA pointed out significant differences
in the expression levels of IL-1β (F = 5.9; df = 11, 32; P
< 0.001), TNFα (F = 4.7; df = 11, 32; P < 0.001), and IL-

6 (F = 12.8; df = 11, 32; P < 0.001) between different
treatments. The expression of the three pro-
inflammatory cytokines in WT microglia cultures

Fig. 2 IL-1β immunostaining and cell counts after NA-induced neuroinflammation in TLR2- or TLR4-deficient mice. Histological images from septofimbria
(a–c) and hypothalamus (d–f) of WT (a, d), TLR2-/- (b, e), and TLR4-/- (c, f) strains 24 h after the injection of NA. Staining was evident in subventricular cells
or in cells close to the ventricular surface, and decreased towards deeper regions in the nervous parenchyma. Positive IL-1β label was almost undetectable
in samples treated with saline (not shown). Within each image, a magnified detail is shown. IL-1β positive cells were counted in the septofimbria (g) and
the hypothalamus (h). In all three strains, NA provoked an increase in IL-1β positive cells, although such increase was slightly lower in TLR2-/-, and
significantly reduced in TLR4-/-, compared to WT mice. Bars in histograms are the mean + SD of n = 3 saline injected or n = 9–10 NA-injected animals (for
each strain). Kruskal-Wallis test was used to compare group means. Letters (a–d) on top of the bars indicate the absence (if same letter) or presence (if
different letters) of a significant difference between the compared groups (P < 0.001). LV = lateral ventricle; SF = septofimbria; IIIV = third ventricle
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increased after treatment with LPS, P3C, and NA com-
pared to saline-treated cultures (Fig. 4). This result dem-
onstrates that, along with LPS and P3C, NA is also able
to directly activate microglial cells.
Microglia isolated from TLR2-/- responded with an in-

creased expression of IL-1β (Fig. 4a), TNFα (Fig. 4b),
and IL-6 (Fig. 4c) after LPS and NA treatments but, as
expected, no response was observed after treatment with
the TLR2 agonist P3C.
Conversely, TLR4-/- microglial cells did not show an in-

crease in the expression of any cytokine after LPS stimula-
tion, as was expected since LPS is a TLR4 agonist (Fig. 4).
Interestingly, and similarly to LPS, NA was not able either
to induce a response in TLR4-/- microglial cells. It is note-
worthy to mention that TLR4-/- microglia was activated by
the TLR2 agonist P3C, indicating that microglial cells are
capable of initiating an immune response independent of
TLR4. Of note, the IL-1β and TNFα responses of TLR2-/-

microglia to LPS were not as that of WT microglia, but
slightly milder. Because the dose of LPS used was relatively
high, in this experimental condition, WT microglia could
have been activated not only by LPS binding to TLR4 but
additionally by contaminants present in the LPS prepara-
tions acting through other receptors. This could explain the
higher activation level of WT microglia compared to
TLR2-/- microglia. A similar explanation could be applied
to the lower TNFα response of TLR4-/- microglia to P3C,
as this agonist was also used at a relatively high dose.
Therefore, these results point that NA can directly ac-

tivate microglial cells, probably acting through the re-
ceptor TLR4.

Inactivation or inhibition of the sialidase activity of NA
abrogate its capacity of activating microglial cells
The above results demonstrate that NA per se is able to
activate microglial cells. However, the question remains
if this happens thanks to its recognition as a PAMP by
pattern recognition receptors of the host, or if its sialid-
ase activity is involved in the microglial cell activation

Fig. 3 Pro-inflammatory cytokines expression in the hypothalamus
of TLR2- and TLR4-deficient mice after NA injection. The mRNA
levels of IL-1β (a), TNFα (b), and IL-6 (c) was measured by qPCR in
hypothalamic tissue from WT, TLR2-/-, and TLR4-/- mice obtained 6 h
after the ICV injection of saline or NA. mRNA levels of the target
genes were expressed relative to the expression level of GAPDH
using the Pfaffl method. The injection of NA induced the
overexpression of the three cytokines in WT mice and in TLR2-/-

mice, the increase being milder in the latter strain. However, in
TLR4-/- mice injected with NA, the expression levels of the three
cytokines were similar to those on saline controls. The histograms
show means + SD of n = 3 saline injected and n = 5 NA-injected
animals of each strain. Two-way ANOVA was used to compare the
means of the groups. Letters (a–c) on top of the bars indicate the
absence (same letter) or presence (different letter) of a significant
difference (P < 0.05) between groups
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process. To address this issue, cultures of WT microglial
cells were exposed to native NA, heat-inactivated NA,
and native NA with sialidase inhibitors, namely oseltami-
vir phosphate and NADNA. Microglial cultures were ex-
posed to these conditions for 24 h and then processed
for qPCR quantification of IL-1β and TNFα expression.
Prior to the experiment, the efficiency of the heat in-

activation and the effective dose of the inhibitors were
checked by lectin histochemistry, using a sialic acid–

specific lectin such as SNA (Fig. 5a–e). This test was
performed on brain sections containing ependyma,
whose surface is rich in sialic acid. While the ependymal
surface was SNA-positive in non-treated sections (Fig.
5a), it turned SNA-negative after incubation of the sec-
tions with NA (Fig. 5b), indicating the removal of sialic
acid by the sialidase activity of NA. Heat inactivation of
NA (Fig. 5c), or the presence of oseltamivir (Fig. 5d) or
NADNA (Fig. 5e), abolished the sialidase activity of NA,

Fig. 4 Pro-inflammatory cytokines in cultured microglia from TLR2-/- and TLR4-/- mice after in vitro NA stimulation. Microglia cultures isolated
from WT, TLR2-/-, and TLR4-/- mice strains were stimulated in vitro with LPS (a TLR4 agonist), the synthetic lipoprotein P3C (a TLR2 agonist), or
neuraminidase (NA) for 6 h. Total RNA was then isolated, and the mRNA levels of IL-1β (a), TNFα (b), and IL-6 (c) were quantified by qPCR. mRNA
levels are expressed relative to GAPDH using the Pfaffl method. While NA was able to stimulate cytokine production in WT and TLR2-/- microglial
cells, it was unable to do so in TLR4-/- cells. As expected, and similarly to NA, LPS induced cytokine production in WT and TLR2-/- microglia, but
not in TLR4-/- cells. On the contrary, and also as expected, P3C was able to induce cytokine overexpression in WT and TLR4-/- microglia, but not in
TLR2-/- cells. The histograms show means + SD of n = 3–5 independent cultures. Two-way ANOVA was used to compare treatments. Letters (a–c)
above each bar indicate the absence (same letter) or presence (different letters) of a statistically significant difference (P < 0.001) between the
compared groups
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as demonstrated by the binding of SNA to the epen-
dymal surface.
As expected, native NA was able to stimulate the over-

expression of both IL-1β (Fig. 5f) and TNFα (Fig. 5g) in
cultured microglia (P < 0.001 vs control without NA, for
both genes). However, such capacity was greatly dimin-
ished after heat inactivation of NA, as well as when add-
ing oseltamivir or NADNA along with native NA to the
culture (Fig. 5f, g). Still, a marginal activation of micro-
glia by these inactive/inhibited forms of NA could be

observed (compare NA + Q, NA + oseltamivir, and NA
+ NADNA with any NA–condition).
Therefore, these results indicate that it is the sialidase

activity of NA, and not so much the NA protein itself,
that induces the activation of microglia.

Discussion
We previously reported that the injection of NA from
Clostridium perfringens into the lateral ventricle of rats
provokes an acute inflammatory process, characterized

Fig. 5 Effect of NA inactivation/inhibition on microglial response. Lectin histochemistry (a–e) was used to demonstrate the inactivation of the
sialidase activity of NA. Tissue sections containing the hypothalamus ventricular wall were incubated with diluent solution (a), with NA (b), with
heat-inactivated NA (c), with NA and oseltamivir phosphate (d), or with NA and NADNA (e). SNA lectin (with sialic acid affinity) binding on the
ventricular surface reveals the sialidase activity (SNA-negative) or its inactivation/inhibition (SNA-positive). Microglia cultures from WT mice were
exposed during 24 h to heat-inactivated NA (Q) or to native NA in the presence of the sialidase inhibitors oseltamivir phosphate and NADNA (f,
g). The activation of microglial cells was monitored by measuring the overexpression of IL-1β (f) and TNFα (g) by qPCR. Native NA induced the
expression of both cytokines, but was unable to do so after heat-inactivation. Furthermore, oseltamivir and NADNA also prevented the
stimulation effect of native NA on microglia. The histograms show means + SD of n = 7 independent cultures. One-way ANOVA was used to
compare treatments. Letters (a, b) above each bar indicate the absence (same letter) or presence (different letters) of a statistically significant
difference (P < 0.05) between the compared groups

Fernández-Arjona et al. Journal of Neuroinflammation          (2019) 16:245 Page 10 of 14



by the activation of astrocytes and microglia, and the re-
cruitment of lymphocytes and monocytes. The rationale
of using NA was based on the fact that various patho-
gens, some of which are able to invade the CNS, bear
this enzyme in its structure. These include viruses like
mumps virus or influenza virus, and bacteria like
Streptococcus pneumoniae, a causative agent of meningi-
tis. Thus, the sole presence of NA in the ventricular cav-
ities triggers a neuroinflammatory response and
represents an experimental model of sterile inflamma-
tion. However, the mechanism by which NA is able to
induce such inflammation is unknown.
Here we have shown that mice deficient in the pattern

recognition receptor TLR2 develop a slightly milder in-
flammatory response after ICV administration of NA,
while in mice deficient in TLR4, such response is greatly
(although not completely) abolished. Experiments using
highly enriched microglia cultures from TLR2-/- and
TLR4-/- strains pointed that the TLR4 receptor of micro-
glial cells is essential for NA-induced microglial activa-
tion, while the TLR2 receptor plays a partial role.
Besides, NA-induced microglial activation was almost
completely dependent on the sialidase activity of the en-
zyme, as demonstrated by its heat-inactivation and by
the use of sialidase inhibitors. This highlights the im-
portance of terminal sialic acid dynamics and neurami-
dases in the regulation of the immune response.
It is well known that TLR receptors play a critical role

in immune response [3]. They do so by recognizing mo-
lecular patterns arising from either invading pathogens
or the host itself. Our results demonstrate that bacterial
NA also acts through TLR receptors, specifically TLR2
and TLR4, to induce the activation of the innate im-
mune response within the CNS. Although such response
was almost completely abolished in TLR4-/- mice, some
activation still occurred, as microglial cells appeared par-
tially reactive in IBA1 immunostained tissue sections
(Fig. 1i, l), and a slight increase in IL-1β-positive cells
could be observed (Fig. 2g, h). This could be explained
by the involvement of other pattern recognition recep-
tors, such as TLR2. Evidences supporting this possibility
were obtained herein, as the TLR2-/- strain presented a
reduced cytokine response to NA compared to WT
mice, both in vivo (Fig. 2) and in vitro (Fig. 3). In any
case, the results presented here demonstrate that the re-
ceptor TLR4 plays a crucial role in NA-induced
neuroinflammation.
On the other hand, previous studies showed that NA

also induces the overexpression of the adhesion mol-
ecule ICAM-1 in endothelial cells [29]. ICAM-1 is rele-
vant for the recruitment of lymphocytes during
inflammation. The ICV injection of NA in TLR2-/- and
TLR4-/- mice produced an increase in the expression of
ICAM-1 similar to that of WT mice (Additional file 1).

Therefore, the diminished inflammatory response in
both mutant strains is specific of TLR2 and TLR4 recep-
tors respectively, like other aspects of the inflammatory
process (e.g., ICAM-1 overexpression) remained
unaltered.
Both TLR2 and TLR4 have been frequently reported

to participate in various inflammatory processes devel-
oping within the CNS. TLR2 is involved in the sterile in-
flammation occurring in cerebral ischemia [37, 38]. Also,
in bacterial meningitis provoked by Streptococcus (which
bears NA), TLR2 activation mediates neuronal death
[39] and microglial apoptosis [40]. On the other hand,
although bacterial LPS is the stereotype ligand of TLR4,
this receptor also has been shown to be essential in the
sterile inflammation occurring both after hemorrhagic
stroke [41, 42] and in ischemic stroke [43].
The different TLR family members may interact and

form dimers in the cellular surface, which generates an
additional source of variability in the cellular response to
ligand binding [44]. In pneumococcal meningitis, the
interaction of TLR2 and TLR4 is required for the im-
munologic reaction [45]. Similarly, in the inflammatory
process that follows a traumatic brain injury, TLR2/
TLR4 heterodimers are activated by the hemoglobin re-
leased [46]. The possibility that NA may require the
dimerization of TLR2 and TLR4 for microglial activation
remains an open question, as both receptors were neces-
sary, although to different extent, for microglial activa-
tion by NA.
A significant feature of microglial activation by bacter-

ial NA found here was the requirement of an intact si-
alidase activity of the enzyme. The suppression of such
activity by heat-inactivation or by specific sialidase inhib-
itors resulted in the inability of NA to activate microglial
cells (Fig. 5). Interestingly, the NA protein itself seemed
not to be recognized as a PAMP to trigger microglial ac-
tivation, as demonstrated by the unresponsiveness of
microglia cultures exposed to heat-inactivated NA. How-
ever, subtle microglial activation was observed when
using heat-inactivated or inhibited NA, which could be
explained by the recognition of NA as a PAMP. How-
ever, an incomplete inactivation of the sialidase activity
might also explain this result.
It is possible that both, the molecular pattern of the

NA protein and the sialidase activity, are required for
pattern receptor activation. In fact, it has been recently
revealed an intriguing mechanism of TLR activation
where the binding of a ligand triggers an initial cellular
response that elicits the translocation of the endogenous
sialidase Neu1 from its lysosomal location to the cell
surface, to later desialylate the receptor, thus allowing
the full activation of the signaling cascade. Once translo-
cated to the cell surface, Neu1 sialidase forms a complex
with TLR-2, -3, and -4 receptors, which are highly
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glycosylated, and removes α-2,3-sialyl residues. In mac-
rophages and dendritic cells, LPS-induced NF-κB activa-
tion was dependent on the removal of α-2,3-sialyl
residues present in TLR4 by Neu1. Once desialylated,
TLR4 could dimerize and form a complex with other
components (as myeloid differentiation primary re-
sponse 88, MyD88) of its signaling cascade [47, 48]. In
this mechanism, the matrix metalloproteinase-9
(MMP9) is required for Neu1 activation [49].
Neu1 inhibition with oseltamivir phosphate prevented

LPS-induce TLR4 activation and the subsequent produc-
tion of pro-inflammatory cytokines in macrophages [47].
In our microglial cultures treated with this inhibitor
there was no cytokine response, which could be a conse-
quence of the inhibition of both the exogenous NA and
the endogenous Neu1. However, when heat-inactivated
NA was used (in the absence of oseltamivir and with in-
tact Neu1 activity) no cytokine response occurred either.
These results suggest that (i) the sole presence of an ex-
ogenous sialidase (e.g., that of pathogens) is sufficient to
trigger microglial cytokine response, being the endogen-
ous Neu1 not essential, and (ii) inactive NA is not recog-
nized as a PAMP, so probably Neu1 is not translocated
to the cell surface to initiate the signaling cascade. Re-
garding the requirement for ligand binding to the TLR
receptor (in our scenario, TLR4 and/or TLR2), the
proper NA protein could act as a PAMP itself and, along
with TLR desialylation by NA, would facilitate TLR sig-
naling activation. Alternatively, the sole desialylation of
the receptor would be sufficient to trigger its activation.
None of these possibilities can be confirmed with the
present results.
Another player in the above-explained mechanisms

has been recently uncovered. Siglecs are another type of
pattern recognition receptors with affinity for sugar resi-
dues. A broad interaction of various Siglecs with TLRs
occurs at the cellular surface, and it has been shown that
they provide a constitutive blockade for TLRs activation
[50]. Specifically, murine Siglec-E strongly binds to
TLR4, and desialylation of TLR4 by Neu1 releases such
interaction. In our experimental setting, microbial NA
could act in a similar manner to promote Siglec E/TLR4
decoupling and TLR4 activation. Recently, Siglec-H has
been described as specific for microglial cells, not
present in CNS-associated macrophages or in CNS-
infiltrating monocytes [51].
Therefore, Siglecs pose a restriction to TLR activation,

which is released after desialylation by Neu1 or, eventu-
ally, NA. In this way, TLR activation seems to occur in
two phases: an initial mild activation triggered by ligand
binding to the TLR receptor, followed by the transloca-
tion of Neu1 to the cell surface to desialylate the recep-
tor a release its blockade by Siglecs, what in turn would
allow a full cellular inflammatory response. When a

microbial sialidase is present, Neu1 would not be essen-
tial for such cellular response.
Thus, Neu1 plays a pivotal role in immune cells activa-

tion and emerges as a promising target in inflammatory
processes. In fact, Neu1 deletion provided resistance to
endotoxemia, and sialidase inhibitors were able to pro-
tect mice against it [50]. Microbial sialidases worsen the
symptoms, as they exacerbate sepsis by a similar mech-
anism of Siglec release; the treatment with bacterial si-
alidase inhibitors also improves the outcome of this type
of infection [52]. Therefore, a strategy of sialidase inhib-
ition may help in controlling inflammation, but the spe-
cificity of the inhibitor must be taken into account, as
exogenous and endogenous sialidases may be differently
susceptible.
It has been shown that bacterial NA favors the forma-

tion of biofilms, which promotes tissue colonization [53].
Also, viral NA is relevant for the dispersion of new virions,
a process extensively studied for influenza virus, in which
NA determines its virulence [54, 55]. Interestingly, al-
though influenza virus targets the respiratory system, it
may also cause neurologic complications [22–24]. Cases
of schizophrenia and autism have been related to influ-
enza infections during pregnancy [56], as well as encephal-
opathies or encephalitis [23, 57, 58]. As NA is a common
factor in various microbe-provoked CNS pathologies,
finding out the role of NA and its mechanism of action is
of great interest in treating those diseases.

Conclusions
The results exposed here demonstrate that i) NA induces
inflammation by acting mainly through TLR4 receptor
and secondarily through TLR2; ii) microglial cells, which
express TLR4, are a target of NA and a relevant player in
such inflammatory process; and iii) the sialidase activity of
NA, more than the NA protein itself, induces TLR4 sig-
naling. The inhibition of the sialidase activity of NA is one
of the most extensively used antiviral strategies aimed to
prevent the dispersion of virions from infected host cells
[26, 59, 60]. Sialidase inhibition also ameliorated bacterial
sepsis [52]. The results presented here highlight a novel
effect of NA inhibitors, which is the blockade of TLR4 sig-
naling, the consequences of which should be taken into
consideration in the future.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12974-019-1643-9.

Additional file 1: ICAM-1 immunostaining after NA injection in WT,
TLR2-/-, and TLR4-/- mice. Images taken from the septofimbria (A–C) and
the hypothalamus (D–F) of WT (A, D), TLR2-/- (B, E), and TLR4-/- (C, F)
mice, 24 h after the injection of NA. The ICAM-1 label in samples from
saline-treated animals was almost undetectable (not shown). Quantifica-
tion of ICAM-1 positive cells was carried out in the septofimbria (G) and
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the hypothalamus (H). Bars are the mean + SD of n = 3 saline injected or
n = 9–10 NA-injected animals (for each strain). Kruskal-Wallis test was
used for means comparisons. Letters a and b on top of the bars indicate
the absence (if same letter) or presence (if different letter) of a significant
difference between the groups compared (P < 0.001). LV = lateral ven-
tricle; SF = septofimbria; IIIV = third ventricle

Abbreviations
ABC: Avidin-biotin-complex; CNS: Central nervous system; DAMPs: Damage-
associated molecular patterns; DMEM-F12: Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12; EDTA: Ethylenediaminetetraacetic acid;
FBS: Fetal bovine serum; GAPDH: Glyceraldehyde 3-phosphate dehydrogen-
ase; IBA1: Ionized calcium-binding adaptor molecule 1;
ICV: Intracerebroventricular; IFNβ: Interferon beta; IL-1β: Interleukin 1 beta; IL-
6: Interleukin 6; LPS: Lipopolysaccharide; MMP9: Matrix metalloproteinase-9;
MyD88: Myeloid differentiation primary response 88; NA: Neuraminidase;
NADNA: N-acetyl-2,3-dehydro-2-deoxyneuraminic acid; NF-κB: Nuclear factor
Kappa B; qPCR: Quantitative PCR; PAMPs: Pathogen-associated molecular
patterns; P3C: Synthetic triacylated lipoprotein Pam3CSK4; PBS: Phosphate-
buffered saline; ROS: Reactive oxygen species; SNA: Sambucus nigra
agglutinin; TLR2: Toll-like receptor 2; TLR4: Toll-like receptor 4; TLR2-/-: Toll-like
receptor 2 null mutant mice; TLR4-/-: Toll-like receptor 4 null mutant mice;
TNFα: Tumor necrosis factor alpha; WT: Wild type

Acknowledgements
The authors are grateful to D. Navas-Fernández (Servicios Centrales de Apoyo
a la Investigación, Universidad de Málaga) for his help with scanner acquisi-
tion of images and to Dña. Remedios Crespillo (Servicios Centrales de Apoyo
a la Investigación, Universidad de Málaga) for her help with qPCR analysis.

Fundings
This work was carried out with funding from Junta de Andalucía, Consejería
de Innovación Ciencia y Empleo (reference P11-CVI-07637) and Ministerio de
Economía, Industria y Competitividad (MINECO, reference SAF2017-83645).
These results are part of the Ph.D. Thesis of MFA, who undertook the Ph.D.
Program in Advanced Biotechnology, at the University of Málaga.

Authors’ contributions
MDLA, PFLL, and MFA conceived and designed the study. MFA and JMG
carried out the experiments, the image acquisition, and the image
processing. MDLA and MFA analysed the data and wrote the manuscript. All
authors read and approved the final manuscript.

Availability of data and materials
There is no new software, databases, and application/tool available, apart
from the reported in the present article.

Ethics approval and consent to participate
Animal procedures were performed according to the European Union (86/
609/EEC) and Spanish (RD 1201/2005) legislations. Animal care and
experimental procedures were approved by the Animal Experimentation
Ethics Committee of the University of Málaga (ref. number 2012-0013).

Consent for publication
Not applicable.

Competing interests
The authors have declared that they have no competing interests. The
research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

Received: 23 July 2019 Accepted: 18 November 2019

References
1. Akira S, Uematsu S, Takeuchi O. Pathogen recognition and innate immunity.

Cell. 2006;124(4):783–801.
2. Kumar H, Kawai T, Akira S. Pathogen recognition by the innate immune

system. Int Rev Immunol. 2011;30(1):16–34.
3. Kawai T, Akira S. TLR signaling. Cell Death Differ. 2006;13(5):816–25.

4. Kettenmann H, Hanisch UK, Noda M, Verkhratsky A. Physiology of microglia.
Physiol Rev. 2011;91(2):461–553.

5. Lehnardt S. Innate immunity and neuroinflammation in the CNS: the role of
microglia in Toll-like receptor-mediated neuronal injury. Glia. 2010;58(3):253–63.

6. Olson JK, Miller SD. Microglia initiate central nervous system innate and
adaptive immune responses through multiple TLRs. J Immunol. 2004;173(6):
3916–24.

7. Esen N, Kielian T. Central role for MyD88 in the responses of microglia to
pathogen-associated molecular patterns. J Immunol. 2006;176(11):6802–11.

8. Yamamoto M, Sato S, Mori K, Hoshino K, Takeuchi O, Takeda K, et al. Cutting
edge: a novel Toll/IL-1 receptor domain-containing adapter that
preferentially activates the IFN-beta promoter in the Toll-like receptor
signaling. J Immunol. 2002;169(12):6668–72.

9. Orihuela R, McPherson CA, Harry GJ. Microglial M1/M2 polarization and
metabolic states. Br J Pharmacol. 2016;173(4):649–65.

10. Mahla RS, Reddy MC, Prasad DV, Kumar H. Sweeten PAMPs: role of sugar
complexed PAMPs in innate immunity and vaccine biology. Front Immunol.
2013;4:248.

11. Pichlmair A, Reis e Sousa C. Innate recognition of viruses. Immunity. 2007;
27(3):370–83.

12. Ramos HC, Rumbo M, Sirard JC. Bacterial flagellins: mediators of
pathogenicity and host immune responses in mucosa. Trends Microbiol.
2004;12(11):509–17.

13. Schroder NW, Morath S, Alexander C, Hamann L, Hartung T, Zahringer U,
et al. Lipoteichoic acid (LTA) of Streptococcus pneumoniae and
Staphylococcus aureus activates immune cells via Toll-like receptor (TLR)-2,
lipopolysaccharide-binding protein (LBP), and CD14, whereas TLR-4 and
MD-2 are not involved. J Biol Chem. 2003;278(18):15587–94.

14. Lund JM, Alexopoulou L, Sato A, Karow M, Adams NC, Gale NW, et al.
Recognition of single-stranded RNA viruses by Toll-like receptor 7. Proc Natl
Acad Sci U S A. 2004;101(15):5598–603.

15. Bauer S, Kirschning CJ, Hacker H, Redecke V, Hausmann S, Akira S, et al.
Human TLR9 confers responsiveness to bacterial DNA via species-specific
CpG motif recognition. Proc Natl Acad Sci U S A. 2001;98(16):9237–42.

16. Gottschalk A. The influenza virus neuraminidase. Nature. 1958;181(4606):
377–8.

17. Corfield T. Bacterial sialidases--roles in pathogenicity and nutrition.
Glycobiology. 1992;2(6):509–21.

18. Lewis AL, Lewis WG. Host sialoglycans and bacterial sialidases: a mucosal
perspective. Cell Microbiol. 2012;14(8):1174–82.

19. Love A, Rydbeck R, Kristensson K, Orvell C, Norrby E. Hemagglutinin-
neuraminidase glycoprotein as a determinant of pathogenicity in mumps
virus hamster encephalitis: analysis of mutants selected with monoclonal
antibodies. J Virol. 1985;53(1):67–74.

20. O'Toole RD, Goode L, Howe C. Neuraminidase activity in bacterial
meningitis. J Clin Invest. 1971;50(5):979–85.

21. Finsterer J, Hess B. Neuromuscular and central nervous system
manifestations of Clostridium perfringens infections. Infection. 2007;35(6):
396–405.

22. Glaser CA, Winter K, DuBray K, Harriman K, Uyeki TM, Sejvar J, et al. A
population-based study of neurologic manifestations of severe influenza
A(H1N1)pdm09 in California. Clin Infect Dis. 2012;55(4):514–20.

23. Steininger C, Popow-Kraupp T, Laferl H, Seiser A, Godl I, Djamshidian S, et al.
Acute encephalopathy associated with influenza A virus infection. Clin
Infect Dis. 2003;36(5):567–74.

24. Yildizdas D, Kendirli T, Arslankoylu AE, Horoz OO, Incecik F, Ince E, et al.
Neurological complications of pandemic influenza (H1N1) in children. Eur J
Pediatr. 2011;170(6):779–88.

25. Rossman JS, Lamb RA. Influenza virus assembly and budding. Virology. 2011;
411(2):229–36.

26. von Itzstein M. The war against influenza: discovery and development of
sialidase inhibitors. Nat Rev Drug Discov. 2007;6(12):967–74.

27. Grondona JM, Perez-Martin M, Cifuentes M, Perez J, Jimenez AJ, Perez-
Figares JM, et al. Ependymal denudation, aqueductal obliteration and
hydrocephalus after a single injection of neuraminidase into the lateral
ventricle of adult rats. J Neuropathol Exp Neurol. 1996;55(9):999–1008.

28. Del Carmen Gomez-Roldan M, Perez-Martin M, Capilla-Gonzalez V, Cifuentes
M, Perez J, Garcia-Verdugo JM, et al. Neuroblast proliferation on the surface
of the adult rat striatal wall after focal ependymal loss by
intracerebroventricular injection of neuraminidase. J Comp Neurol. 2008;
507(4):1571–87.

Fernández-Arjona et al. Journal of Neuroinflammation          (2019) 16:245 Page 13 of 14



29. Granados-Duran P, Lopez-Avalos MD, Grondona JM, Gomez-Roldan Mdel C,
Cifuentes M, Perez-Martin M, et al. Neuroinflammation induced by
intracerebroventricular injection of microbial neuraminidase. Frontiers in
medicine. 2015;2:14.

30. Fernandez-Arjona MDM, Grondona JM, Granados-Duran P, Fernandez-
Llebrez P, Lopez-Avalos MD. Microglia morphological categorization in a rat
model of neuroinflammation by hierarchical cluster and principal
components analysis. Front Cell Neurosci. 2017;11:235.

31. Granados-Duran P, Lopez-Avalos MD, Hughes TR, Johnson K, Morgan BP,
Tamburini PP, et al. Complement system activation contributes to the
ependymal damage induced by microbial neuraminidase. J
Neuroinflammation. 2016;13(1):115.

32. Granados-Duran P, Lopez-Avalos MD, Cifuentes M, Perez-Martin M,
Fernandez-Arjona MD, Hughes TR, et al. Microbial neuraminidase induces a
moderate and transient myelin vacuolation independent of complement
system activation. Front Neurol. 2017;8:78.

33. Paxinos G, Franklin KBJ. The mouse brain in stereotaxic coordinates.
Compact Second Edition ed: Elsevier. Academic Press; 2004.

34. Saura J, Tusell JM, Serratosa J. High-yield isolation of murine microglia by
mild trypsinization. Glia. 2003;44(3):183–9.

35. Rasmussen B. Quantification on the LightCycker. In: Meuer S, Wittwer C,
Nakagawara K, editors. Rapid cycle real-time PCR, methods and applications.
Heidelberg: Springer Press; 2001. p. 21–34.

36. Pfaffl MW. A new mathematical model for relative quantification in real-time
RT-PCR. Nucleic Acids Res. 2001;29(9):e45.

37. Stridh L, Smith PL, Naylor AS, Wang X, Mallard C. Regulation of toll-like
receptor 1 and -2 in neonatal mice brains after hypoxia-ischemia. J
Neuroinflammation. 2011;8:45.

38. Lehnardt S, Lehmann S, Kaul D, Tschimmel K, Hoffmann O, Cho S, et al. Toll-
like receptor 2 mediates CNS injury in focal cerebral ischemia. J
Neuroimmunol. 2007;190(1-2):28–33.

39. Lehnardt S, Henneke P, Lien E, Kasper DL, Volpe JJ, Bechmann I, et al. A
mechanism for neurodegeneration induced by group B streptococci
through activation of the TLR2/MyD88 pathway in microglia. J Immunol.
2006;177(1):583–92.

40. Lehnardt S, Wennekamp J, Freyer D, Liedtke C, Krueger C, Nitsch R, et al.
TLR2 and caspase-8 are essential for group B Streptococcus-induced
apoptosis in microglia. J Immunol. 2007;179(9):6134–43.

41. Caso JR, Pradillo JM, Hurtado O, Lorenzo P, Moro MA, Lizasoain I. Toll-like
receptor 4 is involved in brain damage and inflammation after experimental
stroke. Circulation. 2007;115(12):1599–608.

42. Okada T, Suzuki H. Toll-like receptor 4 as a possible therapeutic target for
delayed brain injuries after aneurysmal subarachnoid hemorrhage. Neural
Regen Res. 2017;12(2):193–6.

43. Yao L, Kan EM, Lu J, Hao A, Dheen ST, Kaur C, et al. Toll-like receptor 4
mediates microglial activation and production of inflammatory mediators in
neonatal rat brain following hypoxia: role of TLR4 in hypoxic microglia. J
Neuroinflammation. 2013;10:23.

44. Rosenberger K, Derkow K, Dembny P, Kruger C, Schott E, Lehnardt S. The
impact of single and pairwise Toll-like receptor activation on
neuroinflammation and neurodegeneration. J Neuroinflammation. 2014;11:166.

45. Klein M, Obermaier B, Angele B, Pfister HW, Wagner H, Koedel U, et al.
Innate immunity to pneumococcal infection of the central nervous system
depends on toll-like receptor (TLR) 2 and TLR4. J Infect Dis. 2008;198(7):
1028–36.

46. Wang YC, Zhou Y, Fang H, Lin S, Wang PF, Xiong RP, et al. Toll-like receptor
2/4 heterodimer mediates inflammatory injury in intracerebral hemorrhage.
Ann Neurol. 2014;75(6):876–89.

47. Amith SR, Jayanth P, Franchuk S, Siddiqui S, Seyrantepe V, Gee K, et al.
Dependence of pathogen molecule-induced toll-like receptor activation
and cell function on Neu1 sialidase. Glycoconj J. 2009;26(9):1197–212.

48. Amith SR, Jayanth P, Finlay T, Franchuk S, Gilmour A, Abdulkhalek S, et al.
Detection of Neu1 sialidase activity in regulating Toll-like receptor
activation. Journal of visualized experiments: JoVE. 2010;43.

49. Abdulkhalek S, Amith SR, Franchuk SL, Jayanth P, Guo M, Finlay T, et al.
Neu1 sialidase and matrix metalloproteinase-9 cross-talk is essential for Toll-
like receptor activation and cellular signaling. J Biol Chem. 2011;286(42):
36532–49.

50. Chen GY, Brown NK, Wu W, Khedri Z, Yu H, Chen X, et al. Broad and direct
interaction between TLR and Siglec families of pattern recognition
receptors and its regulation by Neu1. Elife. 2014;3:e04066.

51. Konishi H, Kobayashi M, Kunisawa T, Imai K, Sayo A, Malissen B, et al. Siglec-
H is a microglia-specific marker that discriminates microglia from CNS-
associated macrophages and CNS-infiltrating monocytes. Glia. 2017;65(12):
1927–43.

52. Chen GY, Chen X, King S, Cavassani KA, Cheng J, Zheng X, et al.
Amelioration of sepsis by inhibiting sialidase-mediated disruption of the
CD24-SiglecG interaction. Nat Biotechnol. 2011;29(5):428–35.

53. Soong G, Muir A, Gomez MI, Waks J, Reddy B, Planet P, et al. Bacterial
neuraminidase facilitates mucosal infection by participating in biofilm
production. J Clin Invest. 2006;116(8):2297–305.

54. Colman PM. Influenza virus neuraminidase: structure, antibodies, and
inhibitors. Protein Sci. 1994;3(10):1687–96.

55. Wagner R, Matrosovich M, Klenk HD. Functional balance between
haemagglutinin and neuraminidase in influenza virus infections. Rev Med
Virol. 2002;12(3):159–66.

56. Brown AS. Epidemiologic studies of exposure to prenatal infection and risk
of schizophrenia and autism. Dev Neurobiol. 2012;72(10):1272–6.

57. Wang GF, Li W, Li K. Acute encephalopathy and encephalitis caused by
influenza virus infection. Curr Opin Neurol. 2010;23(3):305–11.

58. Fujimoto S, Kobayashi M, Uemura O, Iwasa M, Ando T, Katoh T, et al. PCR
on cerebrospinal fluid to show influenza-associated acute encephalopathy
or encephalitis. Lancet. 1998;352(9131):873–5.

59. von Itzstein M, Wu WY, Kok GB, Pegg MS, Dyason JC, Jin B, et al. Rational
design of potent sialidase-based inhibitors of influenza virus replication.
Nature. 1993;363(6428):418–23.

60. McKimm-Breschkin JL. Influenza neuraminidase inhibitors: antiviral action
and mechanisms of resistance. Influenza Other Respir Viruses. 2013;7(Suppl
1):25–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Fernández-Arjona et al. Journal of Neuroinflammation          (2019) 16:245 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Material and methods
	Animals
	Intracerebroventricular injection
	Isolation and culture of microglial cells
	Sialidase activity inactivation and inhibition
	Immunohistochemistry
	RNA isolation
	Reverse transcription
	Quantitative PCR
	Image acquisition
	Statistical analysis

	Results
	Intracerebroventricular NA increased the number of IBA1-positive and IL-1β-positive cells and induced the overexpression of pro-inflammatory cytokines in a TLR2/TLR4-dependent manner
	In cultured microglia, NA induced a TLR4-dependent overexpression of pro-inflammatory cytokines
	Inactivation or inhibition of the sialidase activity of NA abrogate its capacity of activating microglial cells

	Discussion
	Conclusions
	Supplementary information
	Abbreviations
	Acknowledgements
	Fundings
	Authors’ contributions
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

