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Detection of mouse-adapted human influenza virus
in the olfactory bulbs of mice within hours after
intranasal infection
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Influenza pneumonitis causes severe systemic symptoms in mice, including
hypothermia and excess sleep. The association of extrapulmonary virus, par-
ticularly virus in the brain, with the onset of such disease symptoms has not
been investigated. Mature C57BL/6 male mice were infected intranasally with
mouse-adapted human influenza viruses (PR8 or X-31) under inhalation, sys-
temic, or no anesthesia. Core body temperatures were monitored continuously
by radiotelemetry, and tissues (lung, brain, olfactory bulb, spleen, blood) were
harvested at the time of onset of hypothermia (13 to 24 h post infection [PI]) or
at 4 or 7 h PI. Whole RNA from all tissues was examined by one or more of three
reverse transcriptase–polymerase chain reaction (RT-PCR) procedures using
H1N1 nucleoprotein (NP) primers for minus polarity RNA (genomic or vRNA)
or plus polarity RNA (replication intermediates). Selected cytokines were as-
sayed at 4, 7, and 15 h in the olfactory bulb (OB). Minus and plus RNA strands
were readily detected in OBs as early as 4 h PI by nested RT-PCR. Anesthesia
was not required for viral invasion of the OB. Cytokine mRNAs were also signif-
icantly elevated in the OB at 7 and 15 h PI in infected mice. Controls receiving
boiled virus expressed only input vRNA and that only in lung. Immunohis-
tochemistry demonstrated localization of H1N1 and NP antigens in olfactory
nerves and the glomerular layer of the OB. Therefore a mouse-adapted human
influenza virus strain, not known to be neurotropic, was detected in the mouse
OB within 4 h PI where it appeared to induce replication intermediates and
cytokines. Journal of NeuroVirology (2007) 13, 399–409.
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Introduction

Many respiratory and intestinal viral infections are
marked by abrupt onset of fever, somnolence and
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malaise, commonly termed the “flu,” within 2 to 3
days following infection. There is little evidence in
the majority of cases that such viruses replicate out-
side the mucosal surfaces that they target, though
their systemic symptoms can be quite severe. It is as-
sumed that acute viral symptoms are a consequence
of cytokine release from infected target tissues acting
upon the brain, though evidence for this assumption
is minimal.

Influenza virus is among the respiratory viruses
thought to be restricted to the upper respiratory
tract in classical human “flu” and to the entire res-
piratory tract in more severe influenzal pneumoni-
tis. However, viremia does occur in mild human
influenza, though it can only be detected prior to
onset of clinical symptoms using classical virus
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isolation techniques (Stanley and Jackson, 1966).
Furthermore, clinical observations made during the
influenza pandemics of 1918 (Kristensson, 2006)
and 1957–1958 (reviewed in Schlesinger et al,
1998; Ward, 1996) indicate that influenza virus
can invade the brain in certain lethal infections.
Psychiatric sequelae to influenza are also seen
(Kristensson, 2006). In the last 10 years, influenza-
associated encephalitis/encephalopathy has been di-
agnosed relatively frequently in Japanese children
(Kristensson, 2006; Sugaya, 2002), but no partic-
ular viral strain has been implicated. A review
of 84 hospitalized children in Taiwan with docu-
mented influenza A reported that 31% had neu-
rological symptoms (Wang et al, 2003); influenza
A is more commonly seen in children with neu-
rological involvement than is influenza B (Romero
and Newland, 2003). Viral RNA is occasionally
detected in cerebral spinal fluid by the reverse
transcriptase–polymerase chain reaction (RT-PCR)
in encephalopathy patients (Fujimoto et al, 1998;
Steininger et al, 2003). Japanese case reports have
led to a greater awareness of these neurologi-
cal complications of influenza, with the conse-
quence that adult and pediatric cases in Europe
(Rantalaiho et al, 2001; Steininger et al, 2003)
and pediatric cases in the United States (Maricich
et al, 2004; Weitkamp et al, 2004) have been recog-
nized. More recent studies have detected influenza-
associated neurological complications, primarily
seizures, in 4 pediatric cases per 100,000 person-
years, risk factors include neurological or neuro-
muscular diseases (Newland et al, 2007). Studies in
Finland suggest that from 4% to 7% of human viral
encephalitides are associated with influenza infec-
tions (Rantalaiho et al, 2001).

Infections of mice with mouse-adapted human
strains of influenza virus by the intranasal (IN) route
are also assumed to be restricted to the respira-
tory tract, though viremia with the most commonly
employed human strain, mouse-adapted A/PR/8/34
H1N1 (PR8), can be detected with sensitive meth-
ods within the first 24 h post infection (PI) (Frankova
and Rychterova, 1975; Ishida et al, 1959; Mori et al,
1995). Mouse central nervous system (CNS) infec-
tions with human strains have been primarily studied
using the neurovirulent WSN or NWS strains derived
by serial intracerebral (IC) passages in mice (Ward,
1996). These strains are studied using the IC route in
adult mice or the IN route in neonates (Schlesinger
et al, 1998); WSN does not appear to invade the brain
when inoculated by the IN route in immunocompe-
tent adult mice (Garcia-Sastre et al, 1998a). Other
studies of influenza infections of the mouse brain
have employed avian strains or avian recombinants
that are intrinsically neurotropic as well as neurovir-
ulent in susceptible birds and mammals (Schlesinger
et al, 1998). Neurotropism in mice is also a notable
feature of human isolates of avian H5N1 viruses from

Hong Kong in 1997 (Tanaka et al, 2003) and Southeast
Asia in 2004 (Maines et al, 2005).

In order to clarify the role of extrapulmonary virus
in the viral “flu” syndrome (or acute-phase response),
we have employed one-step RT-PCR, or the more sen-
sitive two-step nested RT-PCR (nPCR) or real-time
quantitative PCR (qPCR) techniques to detect both
minus-polarity (genomic vRNA) and plus-polarity
(replication intermediates) PR8 nucleoprotein (NP)
RNA. RNA was extracted from tissues collected from
mature male C57BL/6 mice infected IN with PR8 or X-
31 mouse-adapted human H1N1 influenza A strains,
with or without anesthesia. Tissues were harvested at
or near the onset of hypothermia, the earliest quan-
tifiable manifestation of systemic influenzal disease
in mice (Fang et al, 1995), or at 4 or 7 h PI when
no symptoms were perceptible. PCR analyses were
performed in lung, whole brain minus intact olfac-
tory bulb (OB), isolated intact OB, spleen, and blood
from infected mice or from controls inoculated with
heat-inactivated virus. In addition, cytokine mRNA
expression was examined by qPCR in selected 4-,
7-, or 15-h OB samples. Following detection of viral
RNA in the OB by nPCR, we employed immunohis-
tochemistry (IHC) to detect viral antigens in the OB at
15 h PI. To our knowledge this study represents the
first demonstration of neurotropism of a human in-
fluenza virus in immunologically mature mice within
the first 15 h PI. The results reported here may pro-
vide a biological basis for the severe systemic symp-
toms associated with influenza infections as well as
influenza-associated neuropathologies.

Results

Body temperature response to PR8
We and others have demonstrated that a rapid fall in
body temperature occurs early after lethal influenza
infection of mice (Conn et al, 1995; Fang et al, 1995).
In our model the time of onset of hypothermia was
observed in order to ascertain the time at which the
mice manifested influenza symptoms following in-
fection with various doses of PR8. Precipitous hy-
pothermia began at 11 to 13 h PI (three experiments,
n = 20) in mice given 2.5 × 106 median tissue cul-
ture infectious doses (TCID50) of PR8 (the highest
dose of PR8 employed) inoculated IN under Meto-
fane anesthesia (representative experiment Figure 1).
The body temperature continued to decline steadily
until it reached about 32◦C on day 4 (data not shown),
at which point the animals began to die (Wong et al,
1997). Tenfold dilutions of virus induced a qualita-
tively similar pattern of hypothermia beginning at
23.5 and 25.2 h, respectively (data not shown). Based
on these observations, mice infected with 2.5 × 106

TCID50 PR8 were harvested at 15 h to assure that
all animals were manifesting hypothermia, or at 4
or 7 h PI (prior to the onset of hypothermia). Mice
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Figure 1 Body temperature curves of mice (n = 6) unexposed to virus (baseline) or infected IN with 2.5 × 106TCID50 PR8 influenza virus
under Metofane anesthesia. Error bars denote SEM.

infected with 1.5 × 106 TCID50 X-31 under Metofane
anesthesia were harvested at 14 h PI after onset of
hypothermia.

Viral RNA detection using heat-inactivated virus
The standard procedure for inactivating virus at 56◦C
for 30 min did not reliably eliminate detection of
hemagglutinin (HA) plus-strand RNA in lung as de-
termined by one-step RT-PCR (data not shown). Thus
heat inactivation in subsequent experiments was con-
ducted by suspending the virus preparation in a boil-
ing water bath for 15 to 25 min. The more intense
heat inactivation procedure eliminated the detection
by nPCR method 1 or 2 of nucleoprotein (NP) plus
strand in all lung samples regardless of whether lungs
were harvested at 4, 7, or 15 h PI (data not shown).
Neither RNA strand was detected by any PCR method
in the OBs of 66 mice inoculated with boiled virus
(e.g., Table 1) nor was either RNA strand detected in
spleen, blood, or whole brain (data not shown) in
mice challenged with the boiled virus. In contrast,
the HA minus strand was detected by RT-PCR in 5/6
infected lungs at 13 h PI and the NP minus strand was
detected in 2/3 infected lungs using nPCR method 1
at 12 h PI in mice challenged with 2.5 × 106 TCID50
of PR8 under Metofane anesthesia (data not shown).
There was no detection by nPCR method 1 of NP
minus- or plus-strand RNA in any tissue obtained
from 6/6 mice unexposed to the virus, boiled or live
(data not shown).

Viral RNA detection by nPCR in whole brain
(lacking an intact OB)
An early experiment using one-step RT-PCR and
primers for the PR8 hemagglutinin (see Table 3) de-

tected minus strand in 2/6 whole brain samples har-
vested at 13 h (data not shown). Subsequent ex-
periments with whole brains employed the more
sensitive two-step nPCR procedure (method 1) and
established primers for PR8 NP (see Table 3). Whole
brain was positive at hypothermia onset for both NP
RNA strands in a majority of samples from mice re-
ceiving high-dose PR8 using nPCR method 1 (10/12
minus strand; 8/12 plus strand). Both NP plus and
minus strands were detected sporadically using the
lower PR8 doses as well (3/12 minus strand; 4/12
plus strand) in mice sampled at the time of hypother-
mia onset. X-31 NP minus- and plus-strand RNA were

Table 1 Frequency of NP detection by nPCR in olfactory bulbs
using different anesthesia protocols

Boiled PR8a Live PR8a

Hours post
infection of

tissue harvest
Anesthesia

used
Minus
strand Plus strand

Minus
strand

Plus
strand

4 INH 0/6 0/6 6/6 6/6
7 INH 0/6 0/6 6/6 5/6

15 INH 0/6 0/6 6/6 2/6
4 IP 0/6 0/6 3/6 0/6
7 IP 0/4 0/4 3/4∗ 2/4∗

15 IP 0/6 0/6 6/6 3/6
7 None 0/6 0/6 5/6∗ 4/6∗

aNo. positive/no. tested.
Data show the frequency of detection of minus or plus strand NP
RNA using method 2 in olfactory bulbs harvested at 4, 7, or 15 h
post infection using either Metofane inhalation anesthesia (INH),
intraperitoneal ketamine/xylazine anesthesia (IP), or no anesthesia
(None). Boiled PR8 represent control mice, whereas live PR8 rep-
resent infected mice. Ratios marked with an asterisk (*) indicate
that a single mouse was negative for both minus and plus strands.
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Table 2 Comparison of frequency of PR8 NP detection in various
tissues using method 1 or method 2 nPCR

Method 1 Method 2
Hours post-infection

of tissue
harvest

Tissue
sampled

Minus
strand

Plus
strand

Minus
strand

Plus
strand

4 Spleen 1/6 0/6 0/6 0/6
7 Spleen 0/4 0/4 0/4 0/4

15 Spleen 2/6 4/6 1/6 0/6
4 Blood 2/3∗ 2/3∗ 0/6 0/6
7 Blood 3/6 3/6 0/6 0/6

15 Blood 2/3∗ 2/3∗ 0/6 0/6
4 OB 6/6 2/6 3/6 0/6
7 OB 3/4 3/4 3/4 2/4

15 OB 6/6 2/6 6/6 3/6
4 SCtx ND† ND 1/6 0/6
7 SCtx ND ND 0/4 0/4

15 SCtx ND ND 0/6 0/6

Note. Data compare the frequency of detection of minus or plus
strand NP RNA using either method 1 or method 2 nPCR on the
same cDNA samples from various tissues (spleen, blood, olfactory
bulb [OB], or somatosensory cortex [SCtx]) harvested at 4, 7, or 15 h
post infeciton using intraperitoneal ketamine/xylazine anesthesia.
All mice were challenged with live PR8. Ratios marked with an
asterisk (*) indicate that inadequate cDNA was available from three
of the mice to repeat with method 1.
†ND = not done.

also detectable by nPCR method 1 in 3/3 samples of
whole brain harvested at 14 h PI.

Viral RNA detection in the intact OB
We examined the OB for NP expression in a series
of mice infected with high dose PR8. OBs yielded
positive nPCR method 2 signals (e.g., Tables 1 and 2)
in most mice sampled at 4, 7, or 15 h PI, regardless
of the anesthesia protocol employed. The NP minus
strand was more consistently detected than NP plus
strand using either method of nPCR (Tables 1 and 2);
NP plus strand was never detected in the absence of
NP minus strand in the OB. Nested PCR method 1
increased the frequency of NP detection in OB over
method 2 (Table 2), especially at 4 h PI. In qPCR anal-
yses, a few mice expressed 100-fold the NP level (both
strands) seen in other mice in the same experiment,
suggesting highly variable invasion of the OB by PR8
in quantitative terms (data not shown).

Effects of different anesthesia protocols on OB
invasion by virus
The frequency of viral NP expression in the intact
OB using nPCR method 2 for mice anesthetized or
unanesthetized during infection is shown in Table 1.
These nPCR data, obtained from OBs sampled at 4,
7, or 15 h PI, indicate that OB invasion by PR8 (mi-
nus strand) is not substantially enhanced by inhala-
tion anesthesia, though plus strand expression is less
consistent in the IP-anesthetized mice (Table 1). In
unanesthetized mice, 5/6 OB samples obtained at 7
h PI were positive for viral RNA (Table 1), indicating

that anesthesia was not required for viral invasion of
the OB.

Comparison of viral RNA detection in OB and
somatosensory cortex
Somatosensory cortex (SCtx), which lacks direct pro-
jections from the olfactory bulb, was examined for vi-
ral RNA by nPCR Method 2 (Table 2). Positive signal
(minus strand only) was detected in only 1/6 mice at
4 h PI and no other animals at 7 or 15 h PI. In contrast,
the same method applied to the OBs of the same mice
detected minus strand in 12/16 mice and plus strand
in 5/16 mice at the various time periods PI (Table 2).

Viral RNA detection by nPCR in lung, blood,
and spleen
In mice challenged IN with live PR8, both NP strands
were detected at 4 h PI by nPCR method 2 in 16/16
lungs infected under either inhalation (n = 6), IP ke-
tamine/xylazine (K/X) (n = 6) anesthesia, or no anes-
thesia (n = 4) (data not shown but same mice as used
for Tables 1 and 2). Similarly in another experiment,
lungs of 12/12 mice challenged with live PR8 were
positive using PCR method 1 for both RNA strands
when lungs were harvested at the time of hypother-
mia onset (data not shown). In yet another experi-
ment, mice infected with live X-31 were also positive
for both strands in 3/3 lung samples harvested at 14
h PI.

In the mice represented in Table 1, whole blood and
spleens were negative for viral NP RNA at all time pe-
riods using nPCR method 2 with the exception of one
spleen sampled at 15 h PI (Table 2). However, when
PCR method 1 was used, viral NP RNA was sporad-
ically detected in both blood and spleen at the time
of hypothermia onset, regardless of the dose of virus
employed (data not shown). Detection frequency was
similar at 4, 7, and 15 h PI in a second experiment
where nPCR method 1 was used (Table 2). Mice pos-
itive for NP in blood did not correlate with the mice
positive for NP in spleen. NP minus strand detection
was more frequent in the OB than in blood, spleen or
SCtx (Table 2); plus strand was never detected in the
absence of minus strand in any tissue.

Using copy number analysis, nPCR method 1 was
shown to detect as few as 18 copies of viral RNA, both
minus and plus strands, whereas the lowest level of
detection by nPCR method 2 was 1800 copies of plus
and 18,000 copies of minus strand RNA. The relative
sensitivity of the two methods is consistent with our
detection frequency findings.

Cytokine mRNA detection in the OB
Expression of mRNAs for two proinflammatory cy-
tokines (interleukin-1 beta [IL1β] and tumor necro-
sis factor alpha [TNFα]) and two enzymes effi-
ciently induced by type I interferons (IFNs) 2′,5′-
oligoadenylate synthase 1a [OAS] and myxovirus
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Figure 2 Olfactory bulb cytokine and IFN-induced enzyme
mRNA qPCR data from three experiments (corrected for boiled
virus control values) at 4 (n = 6), 7 (n = 11), and 15 (n = 15) h. All
mice were inoculated IN with 2.5 × 106TCID50 PR8 under Meto-
fane anesthesia. The x axis shows the cytokine/enzyme evaluated
and the time-point at which the mouse was killed PI. Error bars
denote SEM. Asterisks denote statistically significant differences
(∗ P < .05; ∗∗ P < .001).

resistance-1 GTPase [Mx1]) was evaluated. The two
enzymes represent sensitive markers for type I IFN
expression (Samuel, 2001). The results from three ex-
periments are shown in Figure 2. No cytokine or en-
zyme mRNAs were elevated at 4 h PI. IL1β and TNFα
mRNA levels also were not elevated at 7 h PI, but both
cytokine mRNAs were significantly up-regulated at
15 h PI (Figure 2). Significant up-regulation of both
IFN-induced enzymes occurred at both 7 and 15 h PI
(Figure 2). We were unable to reliably detect the most
common type I IFNs themselves in the OB at 7 or 15 h
PI using IFNα consensus primers that detect all IFNα
isoforms or with IFNβ primers (Traynor et al, 2004)
(data not shown).

OB Immunohistochemistry at 15 h PI
A large number of cells intensively stained for H1N1
were seen in the olfactory nerves and OB glomerular
layer (GL) but seldom in the internal layers of the OB
in mice inoculated with live PR8 (Figure 3C and D).
In contrast, in mice inoculated IN with boiled PR8,
very few influenza-H1N1-immunoreactive cells were
evident 15 h PI (Figure 3A and B). A similar distribu-
tion of stain was seen when OBs were reacted with
an anti-N1 NP antibody in infected mice (Figure 3G
and H) or control mice (Figure 3E and F).

Discussion

Our results confirm and extend the studies of Mori
et al (1995) using PR8 in mice, but we have exam-
ined the brain when objective illness is first detected

Figure 3 Photomicrographs of OB coronal sections from mice
killed 15 h PI after IN challenge stained either for H1N1 influenza
A (A–D) or for N1 NP (E–H). Mice receiving boiled virus are shown
in A, B, E, and F. Mice receiving live PR8 are shown in C, D, G, and
H. Long arrows in C, D, G, and H indicate some of the stained cells
in the GL, whereas short errors point to some of the stained cells in
the ON layer. The scale bar for lower magnification pictures (A, C,
E, and G) is 0.2 mm; for higher magnification pictures (B, D, F, and
H) the scale bar is 0.025 mm. M, mitral cell layer; EPL, external
plexiform layer; GL, glomerular layer; ON, olfactory nerve.

at 13 to 15 h (Figure 1), or well before detectable ill-
ness at 4 h or 7 h PI, rather than at 5 days when the
infection is advanced. We show by RT-PCR that virus
is undergoing at least partial replication (expression
of the NP plus strand) in brain and in the intact OB
(Tables 1, 2), and that expression of the IFN-induced
enzyme transcripts is up-regulated in the OB by 7
and 15 h (Figure 2). IL1β and TNFα mRNAs are both
significantly up-regulated at 15 h PI in infected OBs
(Figure 2) when symptoms are apparent.

The IHC analysis at 15 h PI indicates that an an-
tibody to H1N1 (reported to bind to PR8, and pre-
sumably reactive with a viral surface protein) and an
antibody to N1 NP stains cells mainly within the
glomerular layer (G) of the OB as well as cells within
the olfactory nerves (Figure 3). The stained cells
morphologically resemble microglial cells. Prelimi-
nary data also indicate that these microglia-like cells
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are IL1β-immunoreactive, and thus they may be the
source of that cytokine in the OB that we demon-
strated by qPCR at 15 h (Figure 2).

Our heat-inactivation studies also extend those of
Bussfeld et al (1998), who have demonstrated that
virus heated at 56◦C for 30 min (a commonly em-
ployed heat inactivation regimen) is capable of cy-
tokine induction and that boiling the virus for 15 min
eliminates cytokine induction. Our nPCR data indi-
cated that virus heated to 56◦C for 30 min is still ca-
pable of at least partial replication in that plus strand
was often detected in the lung. Boiling the virus elim-
inated the plus strand expression in the lung and gave
consistently negative findings in the OB when exam-
ined by nPCR and qPCR, as well as negative cytokine
mRNA induction and negative IHC findings.

It is noted that the intact OB is often not collected in
studies of viral neurotropism (as was the case in our
initial studies) and the rostral portion of the OB may
not be included in whole-brain analyses. To acquire
the intact OB along with the bulk of the mouse brain
the olfactory nerves must be carefully cut along the
cribriform plate, which is not always done. From our
results it would appear that the OB is an important
brain region for analysis of IN infections, regardless
of whether the agent is defined as neurotropic. Fur-
ther, examination of the OB with extremely sensitive
techniques such as nPCR earlier than is traditionally
done (usually no earlier than 2 to 3 days PI) can be
informative as abortive viruses may not be detectable
after one replication cycle even though they may in-
duce cytokines in situ.

Viremia has been reported early in mouse PR8 in-
fections (Frankova and Rychterova, 1975; Ishida et al,
1959; Mori et al, 1995), and we sporadically saw vi-
ral NP RNA in whole blood and spleen by nPCR as
early as 4 h PI (Table 2). Therefore residual blood
as a source of the PCR signals in the brain must be
considered. Virus may enter the blood by penetrating
the fenestrated endothelium of the olfactory mucosa
following IN inoculation (Schlesinger et al, 1998).
From the blood the virus may potentially traverse the
blood-brain barrier via extracellular channels (Banks,
2004). However, blood sources are unlikely in view
of the focal distribution of the viral antigen in a very
circumscribed area of the rostral OB as visualized by
IHC (Figure 3) and the very infrequent detection of vi-
ral RNA in the SCtx (Table 2), a brain region lacking
direct neural projections from the OB. Instead, viral
antigen localization within the olfactory nerves and
at the site of the first synapse of those nerves (the GL)
strongly points to invasion of the OB by PR8 via the
olfactory nerve. Olfactory nerves have some unique
anatomical features (Mori et al, 2005), discussed be-
low, that may promote viral transport.

Olfactory nerve transport of virus has been demon-
strated by two established mechanisms: the axonal
transport pathway and the olfactory epithelial path-
way (Dahlin et al, 2000). Mouse hepatitis virus
(Barnett and Perlman, 1993), vesicular stomatitis

virus (Huneycutt et al, 1994), herpes simplex (John-
son, 1964), and large protein complexes (Thorne et al,
1995) can enter the OB via axonal transport through
olfactory receptor neurons (Mori et al, 2005). Axonal
transport would allow influenza virus to move a dis-
tance of about 8 mm in 4 h, assuming the transport
speed is similar to that of herpes virus (Maratou et al,
1998); the length of the olfactory receptor axons in
the mouse is likely to be less than 8 mm and thus this
pathway may be relevant to our observations. Axonal
transport would be consistent with the dense local-
ization of viral antigen in the GL (Fig. 3B) where the
first synapse of olfactory neurons takes place.

The olfactory epithelial pathway is relevant when
a virus enters into the nasal lamina propria (Dahlin
et al, 2000). From this tissue layer the virus can enter
the perineural space of nerves projecting to the sub-
arachnoid space of the OB and other regions of the
brain. Herpes virus can use both axonal transport and
perineural transport simultaneously (Johnson, 1964).

A newly discovered route to the GL, which has
been demonstrated to permit passive transport of ul-
trafine carbon particulates in the size range (100 nm)
of viruses (Oberdorster et al, 2004), are the chan-
nels formed by a fibroblastic sheath surrounding the
network of olfactory ensheathing cells that wrap ol-
factory nerve fascicles (Li et al, 2005). Transport of
carbon particles to the OB via these channels was de-
tected as early as day 1 post challenge (Oberdorster
et al, 2004). Viruses have not yet been demonstrated
to enter the brain via these channels.

The model that we have constructed based on these
observations is as follows: Virus enters the upper
nasal cavity and binds to the olfactory receptor den-
dritic cilia that probably bear the sialic acid viral re-
ceptor (Allen and Akeson, 1985); the virus is then
rapidly taken up by the olfactory receptor neurons by
endocytosis and is transported by axonal flow to the
glomeruli, where the axon terminates in a synapse.
Virions and/or viral proteins detected by our mouse
H1N1 and NP antibodies as well as viral RNA are
released into the synaptic cleft, perhaps by exocyto-
sis. After release into the extracellular environment,
these viral products are taken up by resident mi-
croglia or other glial cells. The glial cells are thus
activated to produce cytokines such as IL1β in re-
sponse to viral RNA, which in turn initiate the acute
phase response by acting upon the hypothalamus. In-
vestigations are ongoing to resolve all involved cell
types, the cytokines induced in them, and the other
suppositions underlying this model.

Our studies have not yet examined whether PR8
influenza virus can be detected within the trigemi-
nal nerve, vagus nerve, or other demonstrated routes
of viral nerve transport from the respiratory system
(Johnson and Mims, 1968: Park et al, 2002). Some
neurotrophic viruses are selective as to which nerves
are employed for transport (for instance, CNS inva-
sion by mouse hepatitis virus is restricted to the ol-
factory nerve [Barnet et al, 1993]) where other viruses
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such as herpes viruses may employ numerous nerves
to invade the CNS (Barnet et al, 1993).

Although conclusive studies of the route of PR8
transport to the OB will require a more extensive time
series and finer resolution of virus, our observations
suggest that PR8 can be considered neurotropic but
not progressively neurovirulent. This conclusion is
compatible with the absence of neuropathology seen
by Iwasaki et al (2004) in PR8 infected mice and the
general lack of neurological symptoms observed in
mice infected IN with PR8. Cytokines such as those
that we detect by qPCR are likely to be induced by the
viral RNA (single-stranded and/or double-stranded
[Diebold et al, 2004]) that we detect in the OB by
both nPCR and qPCR. Neural pathways from the OB
to the hypothalamus (Aronsson et al, 2003) could
conceivably result in OB-synthesized cytokines ac-
tivating the hypothalamus to induce the viral acute
phase response in the absence of actual hypothala-
mic infection or the action of cytokines made in the
respiratory tree.

Because we detect viral RNA in the OB by 4 h,
the signal we detect is likely to derive from input
virus. Therefore a functional Mx1 enzyme that in-
hibits influenza virus replication (Haller et al, 1980)
is not present in our mice (or most inbred strains)
and is unlikely to affect OB invasion, though its ab-
sence may affect cytokine induction and viral repli-
cation. Similarly, the NS1 gene that blocks IFN induc-
tion (Garcia-Sastre et al, 1998b), which is present in
both viral strains that we have used, would not be ex-
pected to affect passive viral invasion though it also
may affect cytokine induction and viral replication.
Preexisting antibody may also inhibit central nervous
system (CNS) invasion. The effects of these viral and
host factors on viral invasion of the OB are under
investigation.

Clearly the vast majority of human influenza infec-
tions or live virus vaccinations do not lead to clinical
neuropathology, and if the virus routinely invades the
human brain, the brain’s defense mechanisms (and/or
influenza’s replication properties in neural tissues)
nearly always eliminate progressive infection. Per-
haps the most intriguing possibility raised by these
findings is that the severe systemic symptoms associ-
ated with pandemic influenzal infections may reflect
direct cytokine induction in the brain resulting from
viral invasion via nerves, rather than, or in addition
to, localized cytokine induction in the respiratory
tract. Closer scrutiny of the brain following IN infec-
tions with viruses not known to be neurotropic may
help us to better understand systemic viral illness.

In summary, in these studies we have demonstrated
influenza viral RNA in extrapulmonary tissues of ma-
ture mice, including the intact OB, as early as 4 h PI
following IN infection. Viral RNA expression in the
OB was accompanied by cytokine induction as early
as 7 h PI. Detection of the NP plus strand in many
samples suggested that virus is undergoing at least
partial replication in the OB. IHC methods indicated

that viral antigen is primarily localized to the olfac-
tory nerve and glomerular layers of the OB, probably
in glial cells, at 15 h PI. Anesthesia was not required
for viral invasion of the OB, and all boiled-virus con-
trols were negative for viral RNA and cytokine mRNA
expression. Our basic observations were confirmed
using two viral strains, primers for two different viral
genes, three distinct RT-PCR methodologies, and two
distinct virus-specific monoclonal antibodies over
the course of these studies. Thus we have demon-
strated rapid invasion of the brain by mouse-adapted
influenza virus, apparently via olfactory nerves. De-
termining the relevance of these findings to human
influenza encephalopathy/encephalitis or influenza
symptoms will require examination of appropriate
clinical specimens using virus-detection techniques
of comparable sensitivity.

Materials and methods

Mice
Specific pathogen-free male C57BL/6 mice (Taconic
Farms, Germantown, NY, or Jackson Laboratory, Bar
Harbor, ME), 10 to 14 weeks of age at the time of inoc-
ulation, were maintained in Association for Assess-
ment and Accreditation of Laboratory Animal Care
(AAALAC)-approved animal quarters under veteri-
nary supervision. The procedures employed were
approved by the Washington State University In-
stitutional Animal Use and Care Committee. After
2 weeks’ quarantine, mice were housed in standard
plastic cages with filter tops and maintained at 29◦C ±
2◦C (the thermoneutral zone for mice that allows full
expression of stimulus-induced temperature changes
[Hoffman-Goetz and Keir, 1985]) in a closed environ-
mental chamber on a 12:12-h light/dark cycle.

Viruses and virus preparation
PR8 influenza virus was purified from specific
pathogen-free (SPF) egg allantoic fluid using
endotoxin-free reagents and titered as described
in (Chen et al, 2004). The virus stock was shown
to be free of detectable endotoxin or mycoplasma
contamination (Chen et al, 2004). In one experiment
the X-31 strain of influenza A (a reassortant between
PR8 and A/Aichi/68 [H3N2] [Lee et al, 2001]) in
allantoic fluid from SPF eggs was employed. X-31
expresses H3N2 surface genes but contains the
internal genome segments of PR8, including the NP.
X-31 requires about 10-fold more virus to kill mice
in the same timeframe as PR8 (Price et al, 2000).

Inoculation procedures
PR8-infected mice received 2.5 × 106 TCID50 purified
PR8 (high dose, lethal in 4 to 5 days PI) in Dulbecco’s
phosphate-buffered saline (PBS), or two 10-fold dilu-
tions of this virus inoculum. X-31-infected mice virus
received 1.5 × 106 TCID50 of crude virus. All control
mice received virus that was heat-inactivated using
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one of two incubation techniques: a 56◦C water bath
for 30 min or submersion in a boiling water bath for
15 to 25 min (boiled virus). Inoculations were per-
formed within an hour of light onset.

For IN inoculations under anesthesia, either light
methoxyflurane (Metofane; Schering-Plough Animal
Health, Union, NJ) inhalation (INH) anesthesia or
intraperitoneal (IP) ketamine/xylazine (K/X) (Chen
et al, 2004) were used. Anesthetized mice were hand-
held in a semirecumbent position and inoculated
with 50-μl volumes delivered slowly to the nos-
trils (25 μl per nostril) with a 100-μl micropipette.
Unanesthetized mice were restrained in a 50-ml con-
ical plastic tube with the tip removed to provide ac-
cess to the nose and inoculated as described above.
After inoculation unanesthetized mice were held in
a recumbent position for 1 min. Control animals
received the same volume of high dose virus that
was heat inactivated by one of the two methods de-
scribed above, except in the body temperature stud-
ies where infected mice were compared against un-
treated mouse baseline data.

Body temperature measurements
At least 1 week prior to infection, mice (six/group)
were implanted intraperitoneally with 0.5 g VM-FM
radio transmitters (Mini-Mitter, Sunriver, OR) capa-
ble of monitoring body temperature and locomo-
tor activity through receivers under the individual
cages. Temperature data from individually housed
mice were collected at 6 min intervals and processed
using the VitalView data acquisition system (Mini-
Mitter); each data point in Figure 1 is an average of
values from six mice. For each mouse 10 values were
collected over each 1-h period.

Tissue sampling
A total of 127 boiled virus controls and 131 live
PR8 inoculated mice were sampled for RT-PCR anal-
ysis. Tissues (lung, blood, spleen, intact OB, or whole
brain with only the caudal root of the OB∗) were har-
vested at the time of onset of hypothermia (drop in
body temperature of 1◦C or more of at least two ani-
mals in the group compared to baseline temperatures
at that time of day, cf. Figure 1). In mice not moni-
tored for temperature change, tissues were harvested
at 14 or 15 h PI. Lungs and OBs from high-dose PR8-
infected mice were also harvested prior to onset of
hypothermia at 4 and 7 h PI. For molecular analy-
sis mice were exsanguinated by open cardiac punc-
ture under Metofane anesthesia and tissues were har-
vested into liquid nitrogen (taking care to clean the

∗Our dissection methods for removing the brain or OB changed
over time; early experiments where whole brain was examined
were not dissected in a manner that reliably removed the rostral
OB with olfactory nerve roots together with the caudal regions of
the brain from cortex through the brain stem. Studies involving
the OB per se were performed with intact OBs where the olfactory
nerves were dissected away from the cribriform plate.

dissecting tools in dilute sodium hydroxide between
each organ dissection), and stored at −80◦C for sub-
sequent RNA extraction.

For IHC analysis OBs were harvested from whole
brains taken at 15 h after IN inoculation under light
Metofane anesthesia with high dose live PR8 or
boiled PR8. Mice under deep Metofane anesthesia
were perfused transcardially with 20 ml of warm nor-
mal saline followed by 40 to 60 mL of ice-cold 4%
paraformaldehyde in PBS. Control mice unexposed
to either inoculum were perfused in a similar manner.
Whole brains, including intact OBs, were removed,
allowed to postfix for 2 h, and then immersed in 20%
sucrose overnight. The brains were then frozen in
crushed dry ice and stored at −80oC until sectioned.

RNA isolation for RT-PCR procedures
Total RNA was extracted from frozen tissues except
blood for RT-PCR and nPCR using TRIzol reagent
(Invitrogen, Carlsbad, CA; catalog number 15596-
018) according to the manufacturer’s recommended
protocol. Total RNA was extracted from whole blood
samples (approximately 0.7 ml) using the SV Total
RNA Isolation System (Promega, Madison, WI; cata-
log number Z3100) following the manufacturer’s pro-
tocol. Alternatively, RNA from blood was extracted
using the RiboPure-Blood kit (Ambion, Austin, TX)
according to the manufacturer’s instruction.

Primers employed
Primers used for NP RT-PCR, nPCR, and qPCR studies
are listed in Table 3. Primer sequences used for qPCR
analysis of IL1β, TNFα, OAS and Mx1 are reported
in Traynor et al (2004). Our NP primers were exam-
ined to determine if their products would include the
human protein that shares sequence homology with
influenza NP (Cooper et al, 1996); the PCR products
of our NP primers do not include this potentially con-
founding region.

Detection of viral genes by RT-PCR
and nPCR analysis
One-step RT-PCR and two-step nPCR procedures
were adapted from the methods of Mori et al (1995).
Two nPCR methods were employed, which differed
primarily with respect to the amount of cDNA tem-
plate used. Method 1 used 10-fold more cDNA tem-
plate for the first step and 5-fold less for the second
step than method 2.

Copy number analysis
To determine the sensitivity of our nPCR techniques,
we performed copy number analysis using both
method 1 and method 2. Viral RNA was isolated from
a sucrose-gradient-purified PR8 preparation using
Trizol (Invitrogen). Viral RNA (0.25 μg) was reverse
transcribed with primers complementary to the 5′ or
3′ ends using superscript II (Invitrogen). Additional
cytosines were designed into the 5’ primer region to
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Table 3 Primer sequences for RT-PCR and nPCR analysis

Product Bases
Gene size (bp) spanned Sequence 5′-3′ Refs.

HA sense 524 1–31 ACGCATCAATGCATGAGTGTAACACGA AGTG Lab§
HA antisense 1366–1400 GATTCTTCACATTTGAGTCATGGA AAT CCAGAGTC Lab§
NP1 sense∗ 1097 301–320 GGGAAAGATCCTAAGAAAAC Mori et al, 1995
NP2 antisense∗ 1398–1379 TGCACTTTCCATCATCCTTA Mori et al, 1995
NP3 sense† 450 649–668 AATGATCGGAACTTCTGGAG Mori et al, 1995
NP4 antisense† 1098–1079 CTTCGTCCCTTTGATGAAGC Mori et al, 1995
NP5 sense‡ 98 669–688 GGGTGAGAATGGACGAAAAA Lab§
NP6 antisense‡ 764–745 TCCATCATTGCTTTTTGTGC Lab§
NP 5′ terminus sense

(copy no.)
1570 1–20 CCAGCAAAAGCAGGGTAGATAA Lab§

NP 3′ terminus
antisense (copy no.)

1546–1565 CCCAGTAGAAACAAGGGTATTTT Lab§

Cyclophilin A sense 430 90–113 GTCTCCTTCGAGCTGTTTGCAGAC Lab§
Cyclophilin A
antisense

497–519 GTCCACAGTCGGAGATGGTGATC Lab§

∗PR8 NP primers used for cDNA synthesis for RT-PCR and first step (external) nPCR.
†PR8 NPprimers used for second step (internal) nPCR.
‡ PR8 NP primers used for qPCR.
§Primers developed in our laboratory using the criteria described in Materials and Methods.

increase the Tm in order to make the primers use-
ful for PCR amplification. cDNA was PCR amplified
with the sense and anti-sense primers and the prod-
ucts cloned into pCR 4.2 TOPO vector (Invitrogen
catalog number K4575-01). Plasmids were linearized
with Not-I or Spe-I restriction enzymes. Plus and mi-
nus GS-5 RNA was amplified with MEGAscript T7
or MEGAscript T3 kits (Ambion) using the manufac-
turer’s instructions. RNA was purified with MEGA-
clear Kit (Ambion). Approximately 100 μg of RNA
was obtained per 1 μg of linearized plasmid. RNA
was mixed with yeast tRNA (0.2 μg/ml in 10 mM Tris,
1 mM EDTA buffer, pH = 7.6) prior to 10-fold serial
dilutions to establish a standard curve. Nested PCR
method 1 was shown to detect as few as 18 copies
of viral RNA, both minus and plus strands. Method
2 detected 1800 copies of plus- and 18,000 copies of
minus-strand RNA.

Quantification of RNA transcripts by qPCR
Five microliters of cDNA (12.5 ng of total lung RNA)
or 5 μl of cDNA (25 ng of total brain RNA) were
amplified by PCR using NP and cyclophilin primers
provided in Table 3 or cytokine primers provided in
Traynor et al (2004). The total reaction volume was
25 μl containing 0.2 μM sense and antisense primers,
12.5 μl Platinum qPCR Supermix-UDG (Invitrogen,
Carlsbad, CA), a 1:100,000 dilution of SYBR green
(Molecular Probes, Eugene, OR), and a 1:100,000 di-
lution of Fluorescein Calibration Dye (Bio-Rad Lab-
oratories, Hercules, CA). qPCR was performed and

References

Allen WK, Akeson R (1985). Identification of a cell sur-
face glycoprotein family of olfactory receptor neu-
rons with a monoclonal antibody. J Neurosci 5: 284–
296.

analyzed as described in Bohnet et al (2004). Data
are expressed as fold-increase of experimental over
control ± the standard error of the mean (SEM). The
Student’s t test was used for statistical analysis of
the fold-increase data and P < .05 was considered to
indicate a statistically significant difference.

Olfactory bulb immunohistochemistry
Coronal 30-μm frozen sections of the OB were
cut and stained by the immunoperoxidase proce-
dures described in Churchill et al (2005) using di-
aminobenzidine as a chromophore. Viral antigen
studies were performed with either the mouse mono-
clonal PR8-reactive anti-influenza virus A H1N1 an-
tibody (Chemicon, Temecula, CA; catalog number
MAB8261, lot number 24050638; dilution 1:100) or
the mouse monoclonal anti-influenza N1 NP anti-
body (Chemicon catalog number MAB8257F-5, lot
number 0506002204; dilution 1:100) as the first an-
tibody. The second antibody for viral antigen stud-
ies was biotinylated horse anti-mouse immunoglob-
ulin G (IgG) (Vector Labs, Burlingame, CA; catalog
number BA2001, lot number N0109; 1:500) with 2%
normal horse serum as a blocking agent. Control sec-
tions were treated with the antibody to mouse IgG
but no primary antibody. No specific immunoreac-
tivity was observed in the control sections where the
primary antibody was omitted. Rostral portions of
the OB were examined at various magnifications and
photographed using a Leica DMLB microscope and a
Spot camera. Pictures are shown as Figure 3.

Aronsson F, Robertson B, Ljunggren HG, Kristensson K
(2003). Invasion and persistence of the neuroadapted in-
fluenza virus A/WSN/33 in the mouse olfactory system.
Viral Immunol 16: 415–423.



Rapid invasion of the brain by influenza virus
408 JA Majde et al

Banks WA (2004). Are the extracellular pathways a con-
duit for the delivery of therapeutics to the brain? Curr
Pharmaceut Design 10: 1365–1370.

Barnett EM, Cassell MD, Perlman S (1993). Two neu-
rotrophic viruses, herpes simplex virus type 1 and
mouse hepatitis virus, spread along different neural
pathways from the main olfactory bulb. Neuroscience
57: 1007–1025.

Barnett EM, Perlman S (1993). The olfactory nerve and not
the trigeminal nerve is the major site of CNS entry for
mouse hepatitis virus, strain JHM. Virology 194: 185–
191.

Bohnet SG, Traynor TR, Majde JA, Kacsoh B, Krueger JM
(2004). Mice deficient in the interferon type I recep-
tor have reduced REM sleep and altered hypothalamic
hypocretin, prolactin and 2′,5′-oligoadenylate synthase
expression. Brain Res 1027: 117–125.

Bussfeld D, Kaufmann A, Meyer RG, Gemsa D, Sprenger
H (1998). Differential mononuclear leukocyte attracting
chemokine production after stimulation with active and
inactivated influenza A virus. Cell Immunol 186: 1–7.

Chen L, Duricka D, Nelson S, Mukherjee S, Bohnet SG,
Taishi P, Majde JA, Krueger JM (2004). Influenza virus-
induced sleep responses in mice with targeted disrup-
tions in neuronal or inducible nitric oxide synthases. J
Appl Physiol 97: 17–28.

Churchill L, Yasuda K, Yasuda T, Blindheim K, Falter M,
Garcia-Garcia F, Krueger JM (2005). Unilateral cortical
application of tumor necrosis factor α induces asym-
metry in Fos- and interleukin-1β-immunoreactive cells
within the corticothalamic projection. Brain Res 1055:
15–24.

Conn CA, McClellan JL, Maassab HF, Smitka CW, Majde
JA, Kluger MJ (1995). Cytokines and the acute phase re-
sponse to influenza virus in mice. Am J Physiol 268:
R78–R84.

Cooper JAD Jr, Carcelen R, Culbreth R (1996). Effects of
influenza A nucleoprotein on polymorphonuclear neu-
trophil function. J Infect Dis 173: 279–284.

Dahlin M, Bergman U, Jansson B, Bjork E, Brittebo E (2000).
Transfer of dopamine in the olfactory pathway following
nasal administration in mice. Pharmaceut Res 17: 737–
742.

Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa C
(2004). Innate antiviral responses by means of TLR7-
mediated recognition of single-stranded RNA. Science
303: 1529–1531.

Fang J, Sanborn CK, Renegar KB, Majde JA, Krueger JM
(1995). Influenza viral infections enhance sleep in mice.
Proc Soc Exp Biol Med 210: 242–252.

Frankova V, Rychterova V (1975). Inhalatory infection of
mice with influenza A0/PR8 virus. II. Detection of the
virus in the blood and extrapulmonary organs. Acta Vi-
rol 19: 35–40.

Fujimoto S, Kobayashi M, Uemura O, Iwasa M, Ando T,
Katoh T, Nakamura C, Maki N, Togari H, Wada Y (1998).
PCR on cerebrospinal fluid to show influenza-associated
acute encephalopathy or encephalitis. Lancet 352: 873–
875.

Garcia-Sastre A, Durbin RK, Zheng H, Palese P, Gertner R,
Levy DE, Durbin JE (1998a). The role of interferon in
influenza virus tissue tropism. J Virol 72: 8550–8558.

Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE,
Durbin JE, Palese P, Muster T (1998b). Influenza A virus
lacking the NS1 gene replicates in interferon-deficient
systems. Virology 252: 324–330.

Haller O, Arnheiter H, Lindenmann J, Gresser I (1980). Host
gene influences sensitivity to interferon action selec-
tively for influenza virus. Nature 283: 660–662.

Hoffman-Goetz L, Keir R (1985). Fever and survival in aged
mice after endotoxin challenge. J Gerontol 40: 15–22.

Huneycutt BS, Plakhov IV, Shusterman Z, Bartido SM,
Huang A, Reiss CS, Aoki C (1994). Distribution of vesic-
ular stomatitis virus proteins in the brains of BALB/c
mice following intranasal inoculation: an immunohis-
tochemical analysis. Brain Res 635: 81–95.

Ishida N, Kosaka Y, Sasaki H (1959). Studies on experimen-
tal influenza in mice. III. Early distribution of 32P labeled
virus in organs of mice after administration from three
different routes. Tohoku J Exp Med 71: 163–170.

Iwasaki T, Itamura S, Nishimura H, Sato Y, Tashiro M,
Hashikawa T, Kurata T (2004). Productive infection in
the murine central nervous system with avian influenza
virus A (H5N1) after intranasal inoculation. Acta Neu-
ropathol (Berl) 108: 485–492.

Johnson RT (1964). The pathogenesis of herpes virus en-
cephalites: I. Virus pathways to the nervous system
of suckling mice demonstrated by fluorescent antibody
staining. J Exp Med 119: 343–356.

Johnson RT, Mims CA (1968). Pathogenesis of viral infec-
tions of the nervous system. N Engl J Med 278: 23–30.

Kristensson K (2006). Avian influenza and the brain—
Comments on the occasion of resurrection of the Spanish
flu virus. Brain Res Bull 68: 406–413.

Lee KH, Youn JW, Kim HJ, Seong BL (2001). Identification
and characterization of mutations in the high growth
vaccine strain of influenza virus. Arch Virol 146: 369–
377.

Li Y, Field PM, Raisman G (2005). Olfactory ensheathing
cells and olfactory nerve fibroblasts maintain continu-
ous open channels for regrowth of olfactory nerve fibres.
Glia 52: 245–251.

Maines TR, Lu XH, Erb SM, Edwards L, Guarner J, Greer
PW, Nguyen DC, Szretter KJ, Chen LM, Thawatsupha P,
Chittaganpitch M, Waicharoen S, Nguyen DT, Nguyen
T, Nguyen HHT, Kim JH, Hoang LT, Kang C, Phuong
LS, Lim W, Zaki S, Donis RO, Cox NJ, Katz JM, Tumpey
TM (2005). Avian influenza (H5N1) viruses isolated from
humans in Asia in 2004 exhibit increased virulence in
mammals. J Virol 79: 11788–11800.

Maratou E, Theophilidis G Arsenakis M (1998). Axonal
transport of herpes simplex virus-1 in an in vitro model
based on the isolated sciatic nerve of the frog Rana ridi-
bunda. J Neurosci Methods 79: 75–78.

Maricich SM, Neul JL, Lotze TE, Cazacu AC, Uyeki TM,
Demmler GJ, Clark GD (2004). Neurologic complications
associated with influenza A in children during the 2003–
2004 influenza season in Houston, Texas. Pediatrics 114:
e626–e633.

Mori I, Komatsu T, Takeuchi K, Nakakuki K, Sudo M,
Kimura Y (1995). Viremia induced by influenza virus.
Microb Pathogen 19: 237–244.

Mori I, Nishiyama Y, Yokochi T, Kimura Y (2005). Olfac-
tory transmission of neurotropic viruses. J NeuroVirol
11: 129–137.

Newland JG, Laurich VM, Rosenquist AW, Heydon K, Licht
DJ, Keren R, Zaoutis TE, Watson B, Hodinka RL, Coffin
SE (2007). Neurologic complications in children hospi-
talized with influenza: characteristics, incidence, and
risk factors. J Pediatr 150: 306–310.

Oberdorster G, Sharp Z, Atudorei V, Elder A, Gelein R,
Kreyling W, Cox C (2004). Translocation of inhaled



Rapid invasion of the brain by influenza virus
JA Majde et al 409

ultrafine particles to the brain. Inhal Toxicol 16: 437–
445.

Park CH, Ishinaka M, Takada A, Kida H, Kimura T, Ochiai
K, Umemura T (2002). The invasion routes of neurovir-
ulent A/Hong Kong/483/97 (H5N1) influenza virus into
the central nervous system after respiratory infection in
mice. Arch Virol 147: 1425–1436.

Price GE, Gaszewska-Mastarlarz A, Moskophidis D (2000).
The role of alpha/beta and gamma interferons in devel-
opment of immunity to influenza A virus in mice. J Virol
74: 3996–4003.

Rantalaiho T, Farkkila M, Vaheri A, Koskiniemi M (2001).
Acute encephalitis from 1967 to 1991. J Neurol Sci 184:
169–177.

Romero JR, Newland JG (2003). Viral meningitis and en-
cephalitis: traditional and emerging viral agents. Semin
Pediatr Infect Dis 14: 72–82.

Samuel CE (2001). Antiviral actions of interferons. Clin Mi-
crobiol Rev 14: 778–809.

Schlesinger RW, Husak PJ, Bradshaw GL, Panayotov PP
(1998). Mechanisms involved in natural and experimen-
tal neuropathogenicity of influenza viruses: evidence
and speculation. Adv Virus Res 50: 289–379.

Stanley ED, Jackson GG (1966). Viremia in Asian influenza.
Trans Assoc Am Physicians 79: 376–387.

Steininger C, Popow-Kraupp T, Laferl H, Seiser A, Godl
I, Djamshidian S, Puchhammer-Stockl E (2003). Acute
encephalopathy associated with influenza A virus in-
fection. Clin Infect Dis 36: 567–574.

Sugaya N (2002). Influenza-associated encephalopathy in
Japan. Sem Pediat Infect Dis 13: 79–84.

Tanaka H, Park CH, Ninomiya A, Ozaki H, Takada A,
Umemura T, Kida H (2003). Neurotropism of the 1997
Hong Kong H5N1 influenza virus in mice. Vet Microbiol
95: 1–13.

Thorne RG, Emory CR, Ala TA, Frey WH II (1995). Quanti-
tative analysis of the olfactory pathway for drug delivery
to the brain. Brain Res 692: 278–282.

Traynor TR, Majde JA, Bohnet SG, Krueger JM (2004).
Intratracheal double-stranded RNA plus interferon-
gamma: a model for analysis of the acute phase re-
sponse to respiratory viral infections. Life Sci 74: 2563–
2576.

Wang YH, Huang YC, Chang LY, Kao HT, Lin PY,
Huang CG, Lin TY (2003). Clinical characteristics of
children with influenza A virus infection requiring
hospitalization. J Microbiol Immunol Infect 36: 111–
116.

Ward AC (1996). Neurovirulence of influenza A virus. J
NeuroVirol 2: 139–151.

Weitkamp JH, Spring MD, Brogan T, Moses H, Bloch KC,
Wright PF (2004). Influenza A virus-associated acute
necrotizing encephalopathy in the United States. Pedi-
atr Infect Dis J 23: 259–263.

Wong JP, Saravolac EG, Clement JG, Nagata LP (1997). De-
velopment of a murine hypothermia model for study of
respiratory tract influenza virus infection. Lab Anim Sci
47: 143–147.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


