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Subclinical Brain Injury Caused by H5N1 Influenza Virus Infection"{
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Although H5N1 influenza A viruses can cause systemic infection, their neurotropism and long-term effects on the
central nervous system (CNS) are not fully understood. We assessed H5Nlviral invasion of the CNS and its
long-term effects in a ferret model. An H5N1 virus caused nonsuppurative encephalitis, which lasted for 3 months
without neurologic signs. Further, another HSN1 virus caused nonsuppurative vasculitis with brain hemorrhage.
Three-dimensional analysis of viral distribution in the brain identified the olfactory system as a major route for
brain invasion. The efficient growth of virus in the upper respiratory tract may thus facilitate viral brain invasion.

Human influenza viruses usually infect the upper respiratory
system, causing sneezing, runny nose, and coughing, as well as
fever, malaise, and arthralgia (22). In addition, neurologic
complications have also been reported when a new subtype of
influenza virus is introduced into the human population, as
exemplified by the Spanish (1918) and Asian (1957) pandemics
(24, 6, 10, 18, 22).

In 1997, H5N1 influenza virus, which originated in poultry,
caused an outbreak in humans. Since then, more than 500 people
have been infected with HSN1 viruses worldwide, with a mortality
rate of approximately 60% (21). Human H5NI1 virus infection
generally manifests as severe pneumonia, which progresses to
acute respiratory distress syndrome; however, some H5NI1 virus
victims have experienced neurologic involvement (1). HSNT1 viral

TABLE 1. Virus recovery from tissues of ferrets infected with the HK483 or HK486 H5N1 virus

Virus titer(s) in indicted organ(s) (mean log,, PFU/g = SD)*

Virus strain Day postinfection Nasal ] ]
; Lungs Trachea Brain Liver Spleen Others?
turbinates

HK483 1 35,49 3.4 — — — — —
3 47 0.6 1.0, 1.4 2.9 — — 1.1 —

4¢ 5.0 52 3.6 — 1.9 2.8 —

6 — — — — 24 — —

12 2.3 — — — — — —

30 — — — — — — —

HK486 1 3805 — — — — — —
3 57x3.0 — — 15,23 — — —

5¢ 6.7 3.0 — — — — —

6 2.2 — — — — — —

12 — — — — — — —

30 — — — — — —

“ Six-month-old male ferrets (15 animals per group) were intranasally infected with virus (10° PFU/animal). Three ferrets from each group were euthanized 1, 3, 6,
12, and 30 days after inoculation, and virus in the organs was titrated by using plaque assays with MDCK cells. If viruses were not isolated from all three animals, the
individual virus titers are given. —, virus was not isolated.

? Kidney, heart, pancreas, and spinal cord.
¢ Death with mucopurulent nasal discharge and dyspnea.

* Corresponding author. Mailing address: Division of Virology, Depart-
ment of Microbiology and Immunology, Institute of Medical Science, Uni-
versity of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo, Japan. Phone: 81-
3-5449-5504. Fax: 81-3-5449-5408. E-mail: kawaoka@ims.u-tokyo.ac.jp.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

" Published ahead of print on 9 March 2011.



Vor. 85, 2011

RNA and antigens have been detected in the brains of patients,
and the virus itself has been isolated from cerebrospinal fluid (5,
7) These data suggest that some H5NI viruses could cause en-
cephalitis in humans, as occurred in the early phases of the Span-
ish and Asian pandemics.

Ferrets represent a useful mammalian model of influenza
infection because they are highly susceptible to infection with
influenza viruses and develop some of the symptoms of influ-
enza that are seen in humans (8, 12, 14, 16, 19). The neuroin-
vasiveness of an HSNI1 influenza virus following intranasal
exposure has also been reported in a ferret model (23). There-
fore, to study the long-term neurologic effects of H5N1 virus
infection, we infected ferrets with H5N1 viruses that cause
mild symptoms in these animals and observed the effects on
the central nervous system (CNS) for 9 months. We also
sought to elucidate the route by which these HSN1 viruses
invaded the CNS.

Six-month-old ferrets were inoculated intranasally with 10°
PFU of A/Hong Kong/483/1997 (H5N1; HK483) or A/Hong
Kong/486/1997 (H5N1; HKA486) virus. These viruses were
propagated in Madin-Darby canine kidney (MDCK) cells in
minimal essential medium supplemented with 0.3% bovine
serum albumin. On days 3, 6, and 12 and months 1, 3, 6, and 9
postinfection (p.i.), we sampled tissue specimens for virus iso-
lation and pathological examination. The ferrets were lethargic
and exhibited signs and symptoms of respiratory infection dur-
ing the first 10 days p.i. but lacked appreciable neurologic
signs, which is in contrast to results reported previously (23).
Tissue samples from nasal turbinates, lungs, trachea, brain,
liver, spleen, kidneys, heart, pancreas, and spinal cord were
harvested and homogenized to a 10% suspension with phos-
phate-buffered saline. The virus titer in each tissue was deter-
mined by using plaque assays. The viruses replicated mainly in
the nasal turbinates, with virus titers reaching 10° to 10° PFU/
gram of tissue by 3 to 6 days p.i. (Table 1). Brain tissues
collected from HK483- or HK486-infected ferrets were pre-
served in 10% neutral buffered formalin and processed for
paraffin embedding. The paraffin-embedded tissues were cut
into 5-mm-thick slices and stained with hematoxylin and eosin
(H&E). Additional sections were cut for immunohistological
staining with rabbit polyclonal antibodies against an HS influ-
enza virus. Histologic examination revealed neuronal invasion
or damage, including inflammation of the choroid plexus (Ta-
ble 2). Ferrets infected with the HK486 virus showed evidence
of nonsuppurative inflammation (Fig. 1a) and viral antigen
expression (Fig. 1b) that persisted for 12 days; viral antigens
were not detected at 1 month p.i. The nonsuppurative enceph-
alitis lasted for 3 months (Fig. 1c), with residual glial scarring
apparent at 6 and 9 months p.i. in the areas where viral anti-
gens were detected in the earlier phase (Fig. 1d). Further,
ferrets infected with HK486 showed macroscopic injury of the
olfactory system at day 12 p.i. (Fig. le and f). These findings
suggest that while highly pathogenic HSN1 viruses affect
mainly the host’s airways (1), they may also produce neurologic
complications. In contrast to the HK486 virus, which invaded
the brain parenchyma of ferrets and produced severe paren-
chymal damage, the second HS5N1 strain, HK483, caused se-
vere nonsuppurative vasculitis without apparent parenchymal
damage to the brains of ferrets at 6 days p.i. Although viral
antigen could not be detected within the vasculature, vascular
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TABLE 2. Prevalence of brain lesions in ferrets at various time
points postinfection with highly pathogenic HSN1
influenza viruses”

) Type(s) of brain lesion (no. of animals affected/no. of animals
Time examined) in ferrets infected with:
postinfection

HK483% HK486
Day 3 Choroiditis (2/3)  Choroiditis (2/3)
Day 6 Vasculitis (2/3) Encephalitis (2/3), choroiditis (1/3)
Day 12 Choroiditis (2/3)  Encephalitis (3/3)
Mo 1 Hemorrhage (1/3) Encephalitis (1/3), choroiditis (1/3)
Mo 3 — (0/3) Encephalitis (2/3)
Mo 6 Hemorrhage (1/3) Glial scar (1/2)
Mo 9 — (0/2) Glial scar (1/2)

“ Observation period, 9 months.
> no brain lesion was detected.

injury was evident, as characterized by endothelial swelling
(Fig. 2a, arrowheads), scattered apoptotic cells (Fig. 2b, arrow-
heads), and intramural infiltration of macrophages (Fig. 2a,
arrows) and polymorphonuclear leukocytes (Fig. 2b, arrow).
Vascular lesions were found at the thalamus, at the junction
between the gray and white matter, and at the brainstem. Brain
specimens examined at 1 and 6 months p.i. displayed hemor-
rhagic lesions indicative of chronic and repeated perivascular
hemorrhage (Fig. 2c) in the thalamus, cerebellum, and sub-
arachnoid space of the fore brain (Fig. 2d). These observations
are consistent with reports of influenza virus-induced hemor-
rhagic brain complications during annual epidemics (11). Brain
vasculitis secondary to viral infection is relatively common (17)
and is likely the cause of vascular wall fragility, leading to brain
hemorrhage. It seems reasonable, therefore, to conclude that
HS5N1 virus infection in humans may cause brain hemorrhage
similar to that seen upon infection with other neurotropic
viruses.

To examine the route by which H5N1 viruses invade the
brains of ferrets, we analyzed the distribution of brain le-
sions and viral antigen expression observed in ferrets in-
fected with the HK483, HK486, A/Hong Kong/213/2003
(HK213), A/Vietnam/1204/2004 (VN1204), and A/duck/
Vietnam/NCVD-18/2004 (NCVD18) viruses. The HK213,
VN1204, and NCVD18 viruses were propagated in MDCK
cells in minimal essential medium supplemented with 0.3%
bovine serum albumin. Six-month-old ferrets were inocu-
lated intranasally with 10° PFU of virus. Brain tissues were
collected in the acute phase, at 3 and 6 days postinfection
for VN1204 and NCVDI1S, and additionally at 12 days
postinfection for HK213. Tissues were processed for H&E
staining and immunohistochemistry for histologic examina-
tion. The brain parenchymal lesions produced by VN1204,
NCVDI18, and HK213 were characterized by nonsuppura-
tive encephalitis, and the expression pattern of viral anti-
gens was essentially the same as that of HK486 (data not
shown). To understand the three-dimensional (3D) distri-
bution of the brain lesions and viral antigens, we plotted
them by 3D imaging (TRI/3D-SRF2; Ratoc System Engi-
neering Co., Ltd., Japan) of a yellow mongoose (Cynictis
penicillata) brain, the architecture of which closely resem-
bles that of the ferret brain (20). To visualize the olfactory
pathway (i.e., the sensory pathway for the sense of smell),
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FIG. 1. Brain lesions in HK486 virus-infected ferrets. (a) Severe nonsuppurative encephalitis in the olfactory area at day 6 postinfection (p.i.).
(b) Viral antigen expression in a brain lesion at day 12 p.i. Neuronal and glial cells are stained with anti-HS virus antiserum. (Inset) Noninfected
neurons and glia. (c) Smoldering encephalitis in brain tissue at 3 months p.i. (d) Perivascular glial scar formation at 9 months p.i. (e)
Macroscopically visible brain lesion in part of the olfactory system (piriform lobe) on day 12 p.i. (f) Partial loss of an olfactory bulb (upper side
of brain [red arrows]) due to viral encephalitis at 1 month p.i. Compare these images with the brain from an age-matched control (lower brain).

we marked the nerve pathways from the olfactory bulb to
the piriform cortex on the 3D images as a frame of reference
(Fig. 3a, yellow; see also Movie S1 in the supplemental
material). We found three distinct patterns of brain lesions,
with and without viral antigens, caused by the different
H5N1 influenza viruses: those distributed only along the
olfactory pathway (Fig. 3b and c, dashed yellow line; see also
Movies S2 and S3) (HK213 and NCVD18); those detected
along the olfactory pathway (Fig. 3d and e, dashed yellow
line; see also Movies S4 and S5) and in the brain stem (Fig.
3d and e, white arrows; see also Movies S4 and S5) (HK486
and VN1204); and those in other areas (Fig. 3f; see also

Movie S6) (HK483). The basis for separating the third
group of lesions from the other two groups is more apparent
when the lesion distributions are examined from the poste-
rior (Fig. 3g and h, yellow versus blue versus red). These
mapping results indicate that most of the H5SN1 strains that
we tested invaded the brain via the olfactory pathway (Fig.
3, dashed yellow line). One exception was the HK483 strain
(Fig. 3f), which clearly targeted the brain vasculature in
ferrets, producing lesions outside the olfactory system.
Before H5N1 viruses can become pandemic, they will
likely have to acquire the ability to grow well in the upper
portion of the human airway, which would lead to efficient
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FIG. 2. Brain lesions in HK483 virus-infected ferrets. (a) Prominent nonsuppurative vasculitis at day 6 p.i. Note the severe swelling of a
vascular endothelial cell (arrowheads) and migration of macrophages into the vascular wall (arrows), compared with the normal appearance
of the surrounding brain parenchyma. (b) Scattered apoptotic cells (arrowheads) and polymorphonuclear leukocytes (arrow) in the vascular
wall on day 6 p.i. (c) Old and fresh hemorrhagic lesions in the thalamus of a ferret that underwent necropsy at 6 months p.i. (arrowheads,
hemosiderin-laden macrophages in an old lesion; arrows, fresh hemorrhage with red blood cells). (d) Fresh subarachnoid hemorrhage in a
ferret brain at 6 months p.i. Note the accumulation of red blood cells between leptomeninges (dashed black line) and arachnoid mater

(dashed red line).

human-to-human transmission via sneezing and coughing
(13, 22). Our data from ferrets suggest that if highly patho-
genic H5N1 viruses do gain this foothold in humans, they
could cause subclinical neurologic complications by invad-
ing the brain via the nerve pathway routes or by causing
brain vasculitis. Previously, an H3N2 virus was detected in
ferret brains; however, the amount of virus in the brains was
low (less than 10*? log,, 50% egg-infectious doses) and no
evidence of virus antigens in the brain was reported (23).
We found that the 2009 pandemic HIN1 virus replicated

more efficiently in the respiratory tracts of ferrets than did a
human seasonal HINT1 virus (9, 13, 15) and caused nonsup-
purative olfactory bulb lesions; however, we did not find
virus in the brain parenchyma of these animals (data not
shown). Therefore, brain parenchymal invasion, as demon-
strated by the presence of viral antigens, is a characteristic
of H5N1 viruses. It would, therefore, be pertinent to per-
form retrospective and prospective studies for subclinical
neurologic complications in H5N1 virus-infected patients.
Our findings raise concerns that subclinical neurologic com-
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FIG. 3. Distribution of brain lesions following infection with the HK483, HK486, HK213, NCVD18, or VN1204 strain of H5N1 virus. Brain
lesions are mapped on three-dimensional images of a yellow mongoose brain. Selected parts of the brain sections were analyzed; therefore, the
plots of the lesion locations are discontinuous. (a) Olfactory route (yellow). The distribution of lesions and viral antigens (red) associated with
HK213 (b) or NCVD18 (c) infection follows the olfactory route (dashed yellow line). In animals infected with HK486 (d) or VN1204 (e), the lesions
and viral antigens are located in the brain stem (white arrows) and the olfactory route (red plots within the dashed yellow line). The HK483 strain
(f) caused severe blood vessel damage, with apparent hemorrhagic lesions (blue plots). (g) Posterior view of the olfactory route (yellow plots). (h)
Posterior view of HK483-induced hemorrhagic lesions (blue) and vasculitis (red) outside the olfactory route. Panels a to f are ventral views.

plications could accompany severe respiratory infections
upon the worldwide spread of H5N1 viruses.
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