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Lipopolysaccharide treatment and inoculation of
influenza A virus results in influenza virus-associated
encephalopathy-like changes in neonatal mice
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Influenza virus-associated encephalopathy (IAE) is a highly mortal neural
complication of influenza A virus (IAV) infection, mostly affecting children
younger than 5 years old, and the brain pathology of IAE is characterized by
peracute brain edema with evidence of an impaired blood-brain barrier. The
pathogenesis of IAE is unknown, but hypercytokinemia of tumor necrosis
factor (TNF)-a, interleukin (IL)-1p, and IL-6 is suspected of playing a central
role in the development of IAE. Because the brain pathology of IAE is similar
to that of septic encephalopathy due to endotoxemia, the effect of combined
treatment of IAV and lipopolysaccharide (LPS) was tested using suckling mice.
The results show that pulmonary infection with non-neurotropic IAV
enhanced the neuropathogenicity of LPS and induced encephalopathy that
was similar to IAE with respect to the occurrence of central nervous system
(CNS) histopathology and the absence of direct infection of IAV in the brain.
Influenza A virus also increased blood-brain barrier (BBB) permeability and
induced inflammatory cytokines in the blood. These results suggested that the
mice treated with IAV+LPS are possible animal models of IAE, and that
hypercytokinemia and/or the involvement of endotoxemia in IAV infection

are possible causes of IAE. Journal of NeuroVirology (2010) 16, 125-132.
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Introduction

Influenza virus-associated encephalopathy (IAE) is a
rare but highly mortal neural complication of influ-
enza virus infection, mostly affecting children youn-
ger than 5 years old (Morishima et al, 2002). It has
been reported around the world (Toovey, 2008), but
patients have been found most frequently in Japan.
According to etiological research, IAE is typically
associated with non-neurotropic H3N2 influenza A
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virus (IAV) infection (Morishima et al, 2002). Post-
mortem microscopic analyses on the patients dem-
onstrated hyalinization of blood vessels and
extravascular leakage of plasma proteins in the
brains, which suggest the occurrence of vasogenic
edema due to damage of vascular endothelial cells
(Morishima et al, 2002). The encephalopathy is often
followed by disseminated intravascular coagulation
and multiple organ failure (Togashi et al, 2004;
Yokota et al, 2000).

The pathological mechanism of the IAE is un-
known. In IAE patients, IAV infects mucosal epithe-
lial cells of the respiratory tract, and an isolation of
the virus from the central nervous system (CNS),
including the cerebrospinal fluid (CSF), is usually
negative (Ito et al, 1999; Smidt et al, 2004). There-
fore, the direct invasion of the virus into the CNS is
irrelevant as the cause of IAE. Miniplasmin, a hem-
agglutinin processing protease, accumulates in the
cerebral capillaries of mice with abnormal
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mitochondrial B-oxidation after non-neurotropic IAV
infection (Yao et al, 2004). The accumulation of
miniplasmin allows non-neurotropic IAV to infect
the cerebral vascular endothelial cells, which triggers
the increased permeability of the blood-brain barrier
(BBB). However, it may not be the cause of IAE, since
IAV has not usually been demonstrated in the CNS of
IAE patients and this animal model is accompanied
by a fatty change in hepatocytes similar to Reyes’
syndrome (Okita et al, 1996). Elevated concentrations
of several cytokines, including tumor necrosis factor
(TNF)-a, soluble TNF receptor 1, interleukin (IL)-6,
and IL-1B, have been reported in the serum and CSF
of IAE patients (Ichiyama et al, 2003; Ito et al, 1999),
and the concentrations of these inflammatory cyto-
kines were correlated with the severity of CNS dys-
function (Aiba et al, 2001; Toovey, 2008). From these
results, hypercytokinemia is suspected of playing an
important role in the development of IAE. However,
there are arguments on whether the hypercytokinemia
is the cause or result of IAE, since the involvement of
hypercytokinemia to IAE has not been experimentally
confirmed yet and the direct cause of hypercytokine-
mia in IAE is unknown.

Sepsis is a condition characterized by uncon-
trolled bacterial infection and affects many organs,
including the CNS. Septic encephalopathy is one of
the common complications of sepsis and is charac-
terized by diffuse or multifocal neural dysfunction as
a result of an inflammatory response with or without
direct bacterial invasion into the brain (Papado-
poulos et al, 2000). Administration of lipopolysac-
charide (LPS), a structural component of the outer
membrane of gram-negative bacteria, induces path-
ological changes that mimic the process of sepsis
(Alexander et al, 2008; Papadopoulos et al, 2000).
The predominant microscopic findings of the
encephalopathy are vasogenic cerebral edema and
neuronal damage (Bogdanski et al, 2000; Stolp et al,
2005). Although the mechanism of septic encepha-
lopathy is not fully elucidated, TNF might play an
important role in the pathogenicity (Alexander et al,
2008). Therefore, septic encephalopathy is similar to
IAE regarding the involvement of inflammatory cyto-
kines as well as the CNS histopathology.

In this study, we demonstrate that pulmonary
infection of non-neurotropic IAV enhances neuro-
pathogenicity of LPS and induces encephalopathy
similar to IAE in regards to the occurrence of CNS
histopathology with the absence of direct infection of
IAV in the brain, an increase of BBB permeability, and
the induction of inflammatory cytokines in the blood.

Results

General statuses and survival rates of each group of
mice

We gave inoculations of IAV, LPS, or both (IAV+LPS)
to 1-week-old ICR mice. The mice of the IAV group

showed depression, rough fur, and emaciation at 3 to 4
days post infection (dpi), which progressively wors-
ened. Meanwhile, LPS and IAV+LPS group mice
showed similar symptoms as well as diarrhea and a
sluggish response to manual stimulations within sev-
eral hours of the LPS inoculations. The general symp-
toms appeared severer in the IAV+LPS group than in
the LPS group. All the mice in the LPS group survived,
whereas 93% and 68% of mice in the IAV and IAV
+LPS groups survived, respectively (Figure 1).

Histopathological changes in mice

The mice of the IAV and IAV+LPS groups showed
multifocal bronchointerstitial pneumonia in the
lungs (Figure 2A). The lesions were mainly located
around the bronchioles, and the bronchiolar and
alveolar walls were thickened by infiltration of
mononuclear cells and neutrophils. Bronchiolar
lumina and alveoli also contained a small number
of sloughed epithelial cells. There were no obvious
differences between the mice in the IAV and IAV
+LPS groups regarding the quality, distribution, and
severity of the pulmonary lesions. Although there
were no any significant lesions in the brains of the
IAV group, multifocal microbleeding, irregular dila-
tion of perivascular spaces, and neutrophilic infiltra-
tion were found in the brains of the mice in the LPS
and IAV+LPS groups (Figure 2B, C). These brain
lesions were usually located at the cerebral cortex
and brain stem, and were sometimes accompanied
by mild spongiform change of neuropils and Alzhei-
mer type 2-like degenerated astrocytes (Figure 2D).
These cerebral lesions appeared 24 h after the second
inoculation of LPS, and were more prominent in the
IAV+LPS group than the LPS group 48 h after this
inoculation. Other organs were unremarkable, except
that there was a depletion of thymic lymphocytes in
the LPS and IAV+LPS groups. There were no signif-
icant differences in the histopathological semiquan-
titative scores on thymic lymphocytic depletion and
bronchointerstitial pneumonia between IAV and IAV
+LPS groups. Cerebral lesions in the IAV+LPS group
were more severe than those in the LPS group,
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Figure 1 Survival rates of IAV, LPS, and IAV+LPS group mice.
The mice were inoculated with IAV (IAV and IAV+LPS groups) or
saline (LPS group) at 0 dpi (arrow). Then, the mice received
inoculations of LPS (LPS and IAV+LPS mice) or saline (IAV
mice) at 3 and 4 dpi (arrow heads).
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Figure 2 Representative histopathology of the lungs (A) and brain (B-D) from IAV+LPS group mice at 5 dpi. (A) Bronchointerstitial
pneumonia due to IAV infection. (B) Cerebral microbleeding (arrowhead) and irregular dilation of perivascular spaces (arrows).
(C) Neutrophils (arrows) infiltrating the cerebral cortex. (D) Mild spongiform change of neurophil and degenerated astrocytes having
vacuolated and swollen nuclei. Hematoxylin and eosin stain. Bars = 50 pm.

especially regarding the severity of cerebral micro-

bleeding (Table 1).

The estimation of cerebrovascular permeability

To evaluate cerebrovascular permeability, we admin-
istered Evans blue (EB) dye to the abdominal cavity
of mice, and then compared the concentration of the
dye in the brains from the IAV, LPS, and IAV+LPS
groups. Taken as a whole, the color of the brains from
the TAV group was normal, whereas the brains
from the LPS and IAV+LPS groups had a noticeable
bluish tinge that appeared deeper in the IAV+LPS
group than in the LPS group (Figure 3A). To quantify
the concentrations of EB dye, the densities of the dye
in the brains were measured by absorption

Table 1 Scores of microscopic changes

spectrometry (Figure 3B). The brains from the
IAV+LPS group contained significantly higher levels
of the dye than those from the LPS group. These
results suggest that the integrity of the BBB signifi-
cantly deteriorated in the IAV+LPS group, and the
results were consistent with histopathological data in
which the mice of the IAV+LPS group showed
severer cerebral lesions than the other groups.

The induction of cytokines in plasma

In previous studies, it has been reported that the
infection of IAV enhanced the inductions of inflam-
matory cytokines in human leukocytes (Lundemose
et al, 1993; Nain et al, 1990), and inflammatory
cytokines were demonstrated to have important roles

Brain
Thymus Lungs
Time since 2nd Lymphocytic Interstitial Neutrophilic

Groups LPS injections depletion pneumonia Microbleeding infiltration Edema
IAV 0 (0-0)¢ 2 (2-2) 0 (0-0) 0 (0-0) 0 (0-0)
LPS 48 h 2 (1.25-2) 0 (0-0) 1.5 (1-2) 2.5 (1.25-3) 2 (1.25-2)

72 h 2 (2-2) 0 (0-0) 0 (0-0) 2 (1.5-2) 2 (0.5-2)
IAV+LPS 48 h 3 (3-3) 1.5 (1-2) 3 (3-3)* 3 (3-3) 2 (2-3)

72 h 2 (1.5-2) 2 (2-2) 0 (0-0) 2 (1.5-2) 1 (1-1.5)

“Values mean median of scores (25-75 percentile) in this order. 0 = no obvious change; 1 = focal mild change; 2 = multifocal moderate
change; 3 = diffuse, moderate to severe change. *P <.05. Differences were analyzed using Mann-Whitney U test.
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Figure 3 Comparison of BBB integrity. (A) Photographs of the
brains from the IAV, LPS, and IAV+LPS groups injected intraper-
itoneally with EB dye. The brains were collected after 48 h of LPS
inoculations. (B) Quantification of EB dye extracted from the
brains. Each error bar means standard error. The statistical com-
parison was performed using Student’s t test (*P <.05).

as pathogenic agents of LPS (Alexander et al,
2008; Papadopoulos et al, 2000). Therefore, we mea-
sured the levels of plasma cytokines in order to
clarify whether IAV infection affects the inductions

of inflammatory cytokines by LPS as well as the
severity of the encephalopathy. Cytokine levels in
the plasma of each group were measured 6, 12, and
24 h after the LPS inoculations. Six hours after the
LPS inoculations, the induction of most inflamma-
tory cytokines was upgraded in the LPS and IAV
+LPS groups (Figure 4A-D). The serum concentra-
tions of TNF-o and IL-6 in the IAV+LPS group were
significantly higher than those in the IAV and LPS
groups (Figure 4A, C). In addition, the concentrations
of monocyte chemoattractant protein (MCP)-1 and
IL-10 in the IAV+LPS group were significantly higher
than those in the IAV group (Figure 4B, D). In
contrast, the interferon (IFN)-y level of the IAV group
tended to be higher without statistical significance
than those of the other groups (Figure 4E). The high
cytokine levels in the LPS and IAV+LPS groups
dropped to normal or to lower levels than normal
until 24 h after of the LPS stimulations (data not
shown). Serum concentrations of IL-12p70 were
unchanged in all groups throughout the experiments
(data not shown).

The distribution of viral antigens and viral titer
measurement

Viral antigens were detected by immunohistochem-
istry in the lungs from IAV and IAV+LPS groups. The
IAV antigens were located in bronchiolar epithelial
cells and alveolar epithelial cells (Figure 5A). In the
bronchioli, many bronchiolar epithelial cells showed
positive reaction along the walls, and alveolar
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Figure 4 Quantitative analysis of the production of TNF-a (A), MCP-1 (B), IL-6 (C), IL-10 (D), and IFN-y (E) in plasma from the IAV, LPS,
and IAV+LPS groups. The plasma was collected after 6 h of LPS (or saline) inoculations. Each error bar means standard error. Differences
among means were statistically analyzed using Tukey-Kramer multiple comparison tests (*P <.01).



Figure 5 Representative photographs of immunohistochemistry
for IAV antigens. (A) In the lung from the IAV+LPS group mouse,
some bronchiolar and alveolar epithelial cells show positive reac-
tions (arrows). (B) The brain of the IAV+LPS mouse is entirely
negative for virus antigen. The tissues were collected at 5 dpi of
LPS. Bars = 50 pm.

epithelial cells which had oval or flattened shapes
showed positive reaction in some thickened alveolar
walls. There were no obvious differences in the
localization and amounts of the antigen between
both groups. However, organs such as the liver, spleen,
kidneys, heart, and brain (Figure 5B) stained negative
for IAV antigens in the IAV and IAV+LPS groups. We
measured viral titers of the lungs and brain by plaque
assay. Viral titers in the lungs of the IAV and IAV+LPS
groups were 6.62 + 0.08 and 6.42 + 0.13 (mean + SEM:
log,o plaque-forming units [PFU]/g), respectively. IAV
was not isolated from brain of the IAV and IAV+LPS
groups by plaque assay.

Discussion

Early diagnosis, prevention, and therapy for IAE are
still to be established because the pathological
mechanisms of the disease are unknown. The disease
usually occurs in children younger than 5 years of
age, and we used neonatal mice to produce IAE in
the present experiment. IAV infection induced
bronchointerstitial pneumonia in neonatal mice
with survival rate of 93% in the IAV group. There
were no differences in the viral titers and localization
of viral antigen between the IAV and IAV+LPS
groups. Survival rates of the IAV+LPS and LPS
groups were 68% and 100%, respectively, and
only the CNS involvement was severer in the IAV
+LPS group than the LPS group. Therefore, the CNS
damage was considered to be the direct cause of the
decreased survival rate in the IAV+LPS group.

The microscopic cerebral lesions, including
microbleeding and dilation of perivascular space,
suggest the impairment of cerebral blood vessels
and vasogenic edema. This was consistent with the
findings of LPS-induced encephalopathy in previous
reports (Bogdanski et al, 2000; Stolp et al, 2005).
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Scattered neutrophilic infiltration was likely to be
the secondary reaction to the brain damage. In our
experiment, IAV infection aggravated LPS-induced
encephalopathy. Similarly, an infection of infant
ferrets with IAV enhanced their susceptibility to
the lethal effects of endotoxin (Jakeman et al,
1991). The pathological mechanism of LPS enceph-
alopathy remains to be elucidated, but previous
studies reported the participation of multiple factors,
including inflammatory cells and their mediators,
reduced cerebral blood flow, and disruption of the
BBB (Papadopoulos et al, 2000). In the present study,
we did not find any intravascular thrombi in all mice
and it was unlikely that microvascular infarction
caused cerebral damage in the LPS and IAV+LPS
groups. On the other hand, IAV infection enhanced
an increase of BBB permeability and the production
of TNF-o and IL-6 in plasma of the IAV+LPS mice.
The enhanced TNF-o induction may contribute to
cerebral vascular damage because TNF-o has a crit-
ical role as a pathogenic agent of LPS-induced
encephalopathy (Alexander et al, 2008). Previous
in vitro studies using human peripheral blood leu-
kocytes revealed that the production of TNF-o., IL-1,
and IL-6 was enhanced by the combined treatment of
IAV and LPS (Lundemose et al, 1993; Nain et al,
1990). Although the mechanism of cytokine induc-
tion by IAV and LPS treatment was not elucidated
completely, it was suggested that IAV and LPS con-
currently activate several common transcription
factors responsible for cytokine gene expression,
including nuclear factor (NF)-xB, interferon regula-
tory factor (IRF), and activator protein (AP)-1
(Julkunen et al, 2000; Kawai and Akira, 2006). Addi-
tionally, LPS is thought to potentiate cytokine syn-
thesis at the posttranscriptional level (Han et al,
1990; Nain et al, 1990). In the present experiment,
the level of plasma TNF-o and the severity of brain
lesions were positively correlated. Therefore, the
infection of neonatal mice with non-neurotropic
IAV might enhance LPS-induced encephalopathy
by means of overinduction of cytokines such as
TNF-a and IL-6, which contributed to cerebral vas-
cular damage and increased permeability of BBB.

Pathological entity of IAE is vasogenic brain
edema due to the damage of vascular endothelial
cells without direct invasion of IAV to the brain
(Morishima et al, 2002). Elevated concentrations of
cytokines such as TNF-o and IL-6 may be the cause
of the disease (Aiba et al, 2001; Ichiyama et al,
2003; Ito et al, 1999; Toovey, 2008). In the present
experiment, IAV+LPS mice showed the IAE-like
encephalopathy in respect to the vasogenic brain
disorders and the dynamics of plasma inflammatory
cytokines without direct infection of IAV to the
brain. From these results, it may be concluded that
the mice treated with IAV+LPS are a potential animal
model of IAE, and that hypercytokinemia and/or the
involvement of endotoxemia in IAV infection are
possible causes of IAE.
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Materials and methods

Virus and mice

Influenza A virus strain A/Aichi/2/68 (H3N2) was
propagated in 10-day-old embryonated chicken eggs
at35°Cfor48h (Isodaetal, 2006). The virus-containing
allantoic fluid was stored at —80°C and used as the
source of virus. The infectivity of the virulent fluid was
determined using hamagglutinin assay and plaque
assay.

Pregnant ICR mice were purchased from Charles
River Laboratories Japan (Kanagawa, Japan). The
7-day-old suckling mice were submitted to the
following animal experiment. To minimize the
difference between maternal mice, the number of
neonatal mice was kept around 12 per female mouse.
All animal studies were carried out with the
approval of the committee of Laboratory Animal
Experimentation, Graduate School of Veterinary
Medicine, Hokkaido University, and are consistent
with the Association for Assessment and Accredita-
tion of Laboratory Animal Care International
standards.

Inoculation of influenza virus and LPS to mice
Seven-day-old mice were anesthetized by isoflurane
inhalation and inoculated in both nostrils with
10 ul (1 x 10° PFU) of IAV. Then, the mice were
inoculated with LPS of Esherichia coli 055:B5
(Sigma, St. Louis, MO, USA) twice. Briefly, the
mice received 0.5 ug/g of the first LPS injection
to the hindlimb muscle at 3 dpi of the virus inoc-
ulation, followed by the second injection of 20 ug/g
LPS to the peritoneal cavity 24 h after the first
injection. Control mice were inoculated with equiv-
alent volumes of sterile saline in place of IAV or
LPS. Each mouse was monitored for 7 days, or was
submitted to the collection of whole blood under
anesthesia and necropsied during 4 to 7 dpi at 6- or
12-h intervals.

Histopathological analysis and semiquantitative
evaluation of microscopic changes

At necropsy, tissue samples from the liver, spleen,
kidneys, heart, lungs, thymus, and brain were col-
lected from mice, fixed in 20% neutral-buffered
formalin solution, and embedded in paraffin wax.
The tissue samples were sectioned at a thickness of
4 um and stained with hematoxylin-eosin stain for
light microscopy. Histopathological changes of thy-
mus, lungs, and brains were semiquantitatively
scored from score O (absent) to score 3 (severe) on
the basis of the distribution and severity. Briefly, we
made sections from predetermined areas of thymus,
lungs and brain. For the evaluation of pulmonary
lesion, we obtained four sections from lungs (two
sections from the left lung and two sections from the
anterior and caudal lobes of the right lung). For the
evaluation of brain lesions, we obtained five sections
from brain (from each level of frontal lobe,

diencephalon, occipital lobe, brain stem, and
medulla oblongata). The criteria for scoring were
as follows: 0 = no significant lesion; 1 = localized
and very mild lesions; 2 = moderate lesions multi-
focally distributed on more than half of the sections;
3 = moderate to severe lesions diffusely distributed
on almost all sections.

Immunohistochemical detection of viral antigen
Serial sections were stained with the streptavidin-
biotin immunoperoxidase complex method using His-
tofine SAB-PO kit (Nichirei, Tokyo, Japan). To restore
antigens, the sections were treated with 0.01 M
phosphate-buffered saline (PBS) containing 0.1% tryp-
sin (Becton Dickinson, Mountain View, CA, USA) for
20 min at 37°C. As the primary antibody, a diluted
rabbit anti-strain A/Whistling swan/Shimane/499/83
(H5N3) hyperimmuno serum (produced in our labora-
tory) was applied for approximately 12 h at 4°C
(Matsuda et al, 2004). The chromogenic reaction was
performed by 0.05 M Tris-HCI buffer (pH 7.6) contain-
ing 0.02% 3,3’-diaminobenzidinetetrahydrochloride
(Dojindo Laboratories, Kumamoto, Japan), 0.005%
H,0,, and 0.01 M imidazole (Sigma). The sections
were counterstained with Mayer’s hematoxylin. The
primary antibody was replaced by 0.01 M PBS for
negative controls.

The evaluation of BBB integrity

The integrity of BBB was evaluated by Evans blue
(EB; Kanto Chemical, Tokyo, Japan) extravasations,
as described previously (Bigdeli and Khoshbaten,
2008; Fukui et al, 2003). Briefly, the mice of the
IAV group (n = 3), LPS group (n = 4), and IAV
+LPS group (n = 4) were injected intraperitoneally
with 50 pl of filtered 2% EB solution in sterile saline
after 48 h of the second LPS inoculation. The mice
were anesthetized after 2 h of EB injection and the
brains were rapidly removed. The EB dye in the
brains was extracted with 500 pl formamide for
24 h at 38°C. The amount of EB in the supernatants
was measured against 90% formamide solution in
saline at 630 nm using a plate reader (Multiscan
Ascent; Thermo Labsystems, Franklin, MA, USA).
EB levels were expressed as ng/g of brain tissue
against a standard curve.

The determination of plasma cytokine
concentrations

Whole blood was taken into blood collection tubes
containing EDTA (Terumo Medical, Elkton, MD,
USA). Supernatant plasma was separated by centri-
fugation at 3500 x g for 2 min and frozen under
—80°C until assayed for cytokines. The analysis of
plasma cytokine levels was conducted using a mouse
inflammation cytometric bead array kit and a FAC-
SArray bioanalyzer (Becton Dickinson, USA) (Li et al,
2007; Morgan et al, 2004). The experiment was
conducted following manufacturer’s instructions.
Standard curves were determined for each cytokine



from the range of 20 to 5000 pg/ml. The following
cytokines were measured: IL-6, IL-10, MCP-1, IFN-y,
TNF-a, and IL-12p70.

Plaque assay

To evaluate viral titer, we performed a plaque assay
as previously described (Tsuda et al, 2009). Briefly,
Mardin-Darby canine kidney (MDCK) cells were
grown in Eagle’s minimal essential medium
(EMEM; Nissui Pharmaceutical, Tokyo, Japan) sup-
plemented with 10% inactivated fetal bovine serum
and 2 mM L-glutamine. Pieces of mouse tissues were
homogenized in 10% concentration with EMEM
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