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Abstract
Influenza virus invades the olfactory bulb (OB) and enhances cytokine mRNAs therein at the time
of illness onset. Here we show that viral antigen immunoreactivity co-localized with glial markers
in the OB but could not be detected in other brain areas. Interleukin 1β- and tumor necrosis factor
α-immunoreactivity co-localized with neuronal markers in olfactory and central autonomic systems,
and the number of cytokine-immunoreactive neurons increased at the time of illness onset [15 h post-
inoculation (PI)] but not before (10 h PI). These results suggest that the OB virus influences the brain
cytokines and therefore the onset of illness.
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1. Introduction
Clinical influenza infections are commonly marked by severe systemic illness both in animals
and humans. It is generally assumed that this illness results from cytokines secreted from
infected respiratory tissues (Vacheron et al., 1990; Hennet et al., 1992) acting upon the brain.
However, we recently demonstrated that a mouse-adapted human strain of influenza (A/Puerto
Rico/8/34 or PR8) invades the olfactory bulb (OB) of the brain within 4 h following intranasal
infection of mature mice. This finding was unexpected because others have looked for PR8
virus in the mature mouse brain early in the infection with no success (Schlesinger, 1950;
Schlesinger et al., 1998; Iwasaki et al., 2004) though it is detected together with viremia at 5
days post-infection (PI) (Mori et al., 1995). Unlike avian influenza strains, PR8, as well as
other human influenza strains [with the exception of neuro-adapted human strains (Schlesinger
et al. 1998)], are generally considered to be unable to invade the brain of the mature mouse.
In our PR8 mouse model we see a precipitous and profound fall in body temperature
(hypothermia) at 13–15 h PI along with expression of viral antigens in the rostral OB (Majde
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et al., 2007). This hypothermic response, which is characteristic of mouse influenza (Fang et
al., 1995; Conn et al., 1995), marks the onset of illness [often termed sickness behavior or the
acute phase response (APR)] in lethal PR8 influenza models.

Viral RNA and proinflammatory cytokine interleukin-1β (IL1β) and tumor necrosis factor-α
(TNFα) transcripts are also up-regulated in the OB at the time of illness onset, along with
mRNAs of type I interferon-induced enzymes (Majde et al., 2007). The viral RNA consists of
virion RNA (minus strand) and replication intermediates (plus strand), indicating that at least
partial viral replication is ongoing in the OB as early as 4 h (Majde et al., 2007). By 15 h PI,
viral antigens are detected in microglia-like cells within the olfactory nerve (ON) and in the
glomerular layer (GL) (Majde et al., 2007). However, characterization of the cell types
containing viral antigen and cytokine proteins remains incomplete.

Brain regions with projections from the OB, particularly the hypothalamus, are known to be
involved in APRs such as hypothermia. The amygdala influences the APR via the
hypothalamic-pituitary-adrenal axis (Xu et al., 1999; Lin and York, 2004). Specifically,
activation of the central amygdala (CeA), as evidenced by an increase of c-Fos or cytokines
such as TNFα and IL1β, occurs after immunological challenges in rodents by herpes virus
(Ben Hur et al., 1996), systemic Gram-negative toxins such as lipopolysaccharide (LPS)
(Frenois et al., 2007), Gram-positive enterotoxins (Rossi-George et al., 2005), or the cytokine
IL-1β (Xu et al., 1999). After systemic or local injections with LPS or IL-1β, there is also an
increase in c-Fos-IR in the hypothalamic arcuate nucleus (Arc) (Reyes and Sawchenko,
2002; Scarlett et al; 2007). Microinjection of IL1 into the medial preoptic nucleus (MPO)
increased body temperature in rats (Sellami and de Beaurepaire, 1995). The Arc may also have
a role in initiating the APR (Reyes and Sawchenko, 2002). Although such data indicate that
the amygdala and hypothalamus play a role in the APR, it remains unknown whether the
olfactory pathway is important in early APR ontogenesis.

In this report we investigate by immunohistochemistry (IHC) the distribution of viral antigen
and the proinflammatory cytokines IL1β and TNFα in cells of the OB, the olfactory cortex
[including the piriform cortex (Pir) and olfactory tubercle (Tu)], the somatosensory cortex
(Sctx) and components of the central autonomic nervous system region, i.e., the amygdala
[specifically the basolateral amygdala (BLA) and the CEA] and the hypothalamus (specifically
the Arc and MPO). Infected or control mice were euthanized prior to illness onset (10 h PI),
or after the onset of the hypothermic response to influenza virus at 15 h PI (Majde et al.,
2007), and cells expressing viral and cytokine antigens were examined. Cells expressing
cytokines were counted by light microscopy and cells expressing viral antigen or cytokines
were examined for glial or neuronal markers by light or confocal microscopy. Viral antigen
was localized in glial cells in the ON and GL of the OB. At the time of illness onset, but not
earlier, we detected an increased number of proinflammatory cytokine-expressing olfactory
and central autonomic neurons. Collectively, these observations suggest that viral invasion of
the OB could ultimately be responsible for, or contribute to, the onset of viral illness through
cytokine-modulated neuronal pathways projecting to the hypothalamus.

2. Materials and Methods
2.1. Mice

C57BL/6 male mice 4–6 weeks of age were purchased from Jackson Laboratories (Bar Harbor,
ME). They were used in the experiments when they were 8–12 weeks of age. After arrival,
animals were quarantined and subsequently housed in 48 × 25 × 16 cm polypropylene cages
with filter tops to minimize intercurrent infections. Food and water were provided ad
libitum. Mice were maintained on a 12:12 h light: dark cycle at an ambient temperature of 24°
± 1°C. Institutional guidelines for the care and use of research animals were followed and
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protocols were approved by the Washington State University Institutional Animal Care and
Use Committee.

Two groups of mice (total 24) were used in this experiment. One group was sacrificed at 10 h
PI after receiving boiled (n=6) or live (n=6) virus and another group was sacrificed at 15 h PI
after receiving boiled (n=6) or live (n=6) virus.

2.2. Virus
Influenza (A/Puerto Rico/8/34, H1N1) virus was supplied by Specific Pathogen-Free Avian
Supply (SPAFAS, North Franklin, CT) where the virus was propagated in specific pathogen-
free (SPF) chicken embryos and allantoic fluid was harvested using pyrogen-free materials.
The virus was purified by sucrose-gradient sedimentation using pyrogen-free materials and the
stock was tested for endotoxin and mycoplasma (negative), and titered in Madin Darby canine
kidney cells as previously described (Chen et al., 2004).

2.3. Intranasal (IN) inoculation procedure
Mice were inoculated IN at light onset by delivering 25 μl to each nostril using a 100 μl
micropipette under light methoxyflurane (Metofane, Schering-Plough Animal Health, Union,
NJ) inhalation anesthesia. Infected mice (n=12) received 2.5 × 106 TCID50 purified PR8 diluted
in Dulbecco’s phosphate buffered saline (DPBS). Control mice (n=12) received the same
diluted virus that was heat-inactivated prior to the inoculation by suspending the sample in
boiling water for 25 min (boiled virus).

2.4. Tissue collection
Mice were returned to their home cages after virus inoculation. Mice were killed at 10 h (prior
to hypothermia onset) or at 15 h PI (after hypothermia onset) under deep Metofane anesthesia.
The animals were perfused intracardially with warm saline (0.9% NaCl) containing 0.004%
of heparin (Celsus laboratories, Cincinnati OH) followed by 35 ml of cold 4%
paraformaldehyde in phosphate-buffered saline (PBS). Perfusion was performed using a
Masterflex pump model 7014-20 (Cole-Palmer, USA), using a 21 G needle at a flow rate of
2.0 ml/min. Brains were carefully removed from the cribriform plate to maintain an intact OB.
Brains were placed in ice-cold 4% phosphate-buffered formaldehyde to post-fix for 6 h, and
then were sunk in 20% sucrose overnight. The OBs were separated from the rest of the brain,
frozen in crushed dry ice, and stored at −80° C until sectioned.

2.5. Immunohistochemistry (IHC)
OBs, forebrain and midbrain sections were processed in pairs using sections from a mouse
inoculated with live virus and sections from another mouse inoculated with boiled virus. Tissue
sections were processed as previously reported (Churchill et al., 2005; Majde et al., 2007).

2.5.1. Single labeling for light microscopy (DAB staining)—Adjacent tissue sections
were incubated with one of the following antibodies; mouse monoclonal anti-influenza H1N1
virus antibody (Millipore, Bioscience Research Reagents, Temecula, CA, catalog # MAB8261,
dilution 1:100), mouse monoclonal anti-influenza nucleoprotein (NP) antibody (Millipore,
catalog # MAB8257, dilution 1:100), rabbit anti-recombinant mouse IL1β (Millipore, catalog
# AB1413, dilution 1:100), goat anti-recombinant rat TNFα (17 kD secreted form, R&D,
Minneapolis MN, catalog # AF-510, dilution 1:200), and rat anti-mouse F4/80 [a macrophage
marker that also stains microglia in the OB, Serotec, Raleigh, NC, catalog # MCA497GA,
dilution 1:100]. The secondary antibodies were biotinylated horse anti-mouse, anti-rat or anti-
goat IgG or biotinylated goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA, dilution

Leyva-Grado et al. Page 3

J Neuroimmunol. Author manuscript; available in PMC 2010 June 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1:500). Sections were stained using diaminobenzidine as a chromophore (DAB kit, Vector,
catalog # SK4100).

2.5.2. Double labeling for light and confocal microscopy (fluorescent staining)
—After immersion in 3% blocking serum [a combination of normal chicken serum (NCS) and
normal donkey serum (NDS)] for 1 h, adjacent sections were incubated with a mixture of the
anti-influenza H1N1 (Millipore, 1:100) and F4/80 (Serotec, 1:100) or rabbit anti-mouse GFAP
(an astrocyte marker; Millipore, catalog # MAB360, dilution 1:1000) antibodies prepared in
2% serum (NDS and NCS) at 4°C for 3 days. For double-labeling with the anti-mouse NeuN
nuclear protein-neuronal marker (Millipore, dilution 1:1000) we used a polyclonal goat anti-
H1N1 antibody (Fitzgerald Industries International, Inc., Concord, MA, catalog # 20IG23,
dilution 1:100). Also, adjacent sections were incubated in rabbit anti-mouse IL1β (Millipore,
dilution 1:100) in combination with mouse anti-rat F4/80, mouse anti-NeuN, or rabbit anti-
mouse GFAP antibodies. Finally, some OB sections were incubated with goat anti-rat TNFα
(R&D systems, dilution 1:200) and anti-mouse NeuN antibodies. After incubation, the samples
were washed with PBS and then were incubated in the dark for 2 h at room temperature with
secondary antibodies using a combination of Alexa Fluor 488 chicken anti-rat (Invitrogen,
Carlsbad CA, dilution 1:500), anti-rabbit, or anti-goat, plus Alexa Fluor 555 donkey anti-mouse
for the sections with virus antibodies, and a combination of Alexa Fluor 488 chicken anti-rat,
anti-rabbit or anti-mouse, plus Alexa Fluor 568 goat anti-rabbit (for the sections with the
IL1β antibodies) or donkey anti-goat (for the sections with TNFα antibodies). After incubation
the sections were washed and then mounted on gelatin-coated slides, dried, and cover slipped
with fluorescent hard set mounting medium (VectaShield-Hard set, Vector, catalog # H-1400).

2.6. Antibody specificity analysis
The antibodies used in this report were used in previous experiments and tested for specificity
[McQuillin et al., 1985; Walls et al., 1986 (anti-influenza antigens, according to manufacturer);
Stichel and Luebbert, 2007 (F4/80 and TNFα); Barbe et al., 2003 (IL1β)]. We used antiviral
monoclonal antibodies made in mouse and secondary biotinylated horse anti-mouse antibodies;
consequently, we were not able to determine if the observed immunoreactivity was due in part
to the binding of the secondary antibodies to endogenous immunoglobulins attached to
activated microglia through Fc receptors (Stangel and Compston, 2001). However, when the
primary mouse antibody was omitted, staining by the horse secondary antibody could be
distinguished from staining seen when both the primary antibody and secondary antibodies
were used. Further, our observations using the goat polyclonal antibody to H1N1 employed
for confocal studies showed specific labeling in the OB GL and the ON, and stained microglial
cells in the tissues double-labeled with Neu N (see Fig. 6C).

We confirmed IL1β and TNFα antibody specificity by several methods. (1) Weomitted the
primary antibody during the immunohistochemistry procedure. (2) Next, pre-absorption
experiments were done by overnight incubation of the primary antibody with its target cytokine
recombinant rat TNFα (R&D systems) or recombinant mouse IL1β (R&D systems) at a molar
ratio of 1:45. The primary antibodies were incubated with the appropriate recombinant protein
for 24 h at 4°C. After the incubation the product was centrifuged at 10,000 g for 15 min and
the supernatant was used for incubation with sections (Eriksson et al., 1999). (3) Next we used
OB tissues from non-infected TNFα knock out (KO) (Jackson Laboratories, strain name:
B6.129S-Tnftm1Gkl/J, stock #: 005540) or IL1β KO mice on a C57BL/6 background (a gift
from Dr Kerry O’Banion, University of Rochester, NY) to stain sections with DAB. (4) Next,
Western blot analyses for TNFα and IL1β were performed as previously described (Szentirmai
et al., 2007) using mouse OBs to demonstrate antibody recognition of the two forms (see below)
of TNFα and IL1β. The primary antibodies used for western analyses were: a 1:150 dilution
of goat anti-rat TNFα (R&D systems) or 1:1000 dilution of mouse anti-IL1β antibody
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(Millipore) in 5% nonfat dry milk/Tween tris-buffered saline (TTBS) and a 1:4,000 dilution
of horse anti-goat HRP conjugated secondary antibody (TNFα) or a 1:4,000 dilution goat anti-
rabbit horseradish peroxidase (HRP) conjugated secondary antibody (IL1β). (5) Finally, in
previous work using rats and a TNFα small interfering (si)RNA, we demonstrated that a
TNFα siRNA reduced mRNA levels and TNFα-immunoreactivity in the brain using the same
antibody that we used in the current experiments (Taishi et al., 2007).

Omission of the primary TNFα antibody eliminated the immunoreactivity in the OB sections
(data not shown). Pre-absorption of the primary antibody with the recombinant TNFα protein,
blocked the staining in both WT and KO mice (Figs. 1C and 1D for TNFα). TNFα
immunoreactivity was observed in neuron-like cells in the OB of TNFα wild-type mice (WT)
but not in the OB of the TNFα-KO mice (Figs. 1A and 1B for TNFα). Western blot analysis
showed a 17 kD band for the recombinant protein and a 26 kD band in the OB protein extracts
(data not shown); the molecular weight of membrane-associated TNFα is 26 kD (Solomon et
al., 1999).

Omission of the primary IL1β antibody also eliminated immunoreactivity in OB sections (data
not shown). After pre-absorption with the recombinant protein, IL1β immunoreactivity was
greatly reduced but not completely blocked (Fig. 1C for IL1β). IHC for IL1β showed intensely
stained IL-1β-IR cells in the EPL and GL (Fig. 1A for IL1β). These IL1β-IR cells were not
observed in the EPL or GL of the OB from the IL1β KO mice (Fig. 1B for IL1β). Western blot
analyses of OB protein extracts demonstrated the presence of a 17 kD band for the recombinant
protein and a 37 kD band, which is the molecular weight of pro-IL1β (Deak et al., 2005) (data
not shown). Pre-absorption treatment with the respective recombinant protein prior to Western
blot completely eliminated the presence of these bands (data not shown). We also examined
midbrain sections from TNFα and IL1β KO mice; these mice lacked TNFα or IL1β
immunoreactivity using the procedures described herein (data not shown).

2.7. Image preparation
For DAB-stained sections, images in a Leica DMLB microscope were captured with a spot
camera and associated software (Diagnostic Instruments Inc., Sterling Heights MI) before
being transferred into Adobe Photoshop CS2 (Adobe Systems Inc., San Jose, CA). Adobe
Photoshop was used only for brightness and contrast adjustments for photographs used in the
quantitative analysis. For the fluorescent-antibody IHC, double-stained sections were
photographed using the Spot camera with the light microscope as described above or using a
confocal laser scanning microscope (Zeiss LSM-510, Oberkochen, Germany) equipped with
an AxioCam HR digital camera (Zeiss). Confocal microscope pictures were taken using the
Argon 488 nm laser for Alexa fluor 488 and the HeNe 543 nm laser for Alexa fluor 568. Single
plane with full resolution was used for each fluorescence channel.

2.8. Quantitative analyses
Virus- and cytokine-IR cells were counted in printed digital images using transparent templates
of the appropriate scale. The number of rostral OB IR-cells was determined using a transparent
template with a rectangular box that measured 0.25 mm by 0.5 mm for photographs taken at
20X (TNFα–IR cells) or 0.20 mm by 0.22 mm for photographs taken at 40X (IL1β- and F4/80-
IR cells) in 6 different fields. For mitral cell layer (ML) quantification, the rectangle was 0.1
mm by 0.5 mm for the 20X photographs and 0.04 mm by 0.20 mm for the 40X photographs.
The total number of IR cells was averaged within the 6 different fields for each mouse in the
OB. In the olfactory and central autonomic nervous systems, the number of IR-cells was
determined using a rectangular box that measured 0.15 mm by 0.35 mm [the piriform cortex
(Pir) and the olfactory tubercle (Tu)]; 0.15 mm by 0.075 mm (Arc), 0.3 mm by 0.3 mm (MPO)
or a circle with a radius of 0.100 mm (BLA and CeA). In the Sctx, a rectangular box that
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measured 0.5 mm by 0.225 mm was placed over photographs taken at 20 x in layers II–IV and
layer V for both TNF and IL1β-IR cells. The number of sections analyzed for each mouse
varied depending on the number available for each brain region. Normally three-six different
fields were analyzed for each mouse. For all the analyzed regions an individual blinded to the
experimental treatment completed the quantification. Means ± the standard error of the mean
were calculated and then statistically analyzed using a paired Student’s t-test. A p-value of
0.05 or less was considered statistically significant. Additionally, IR-cells were divided
according to their morphology and size into two groups: glial cells [ramified cells between 5–
15 microns in size that showed the immunoreactivity both in the cell body (< 5 microns) and
in the ramifications] or neurons (non-ramified cells or cells with one or two branches between
10–30 microns in size that mainly showed immunoreactivity in the cell body) and then
quantified as above.

3. Results
3.1. Immunoreactive cells in the OB of infected or control mice at 10 or 15 h PI

3.1.1. Influenza virus-IR cells within the OB—In mice inoculated with live virus,
immunoreactivities for H1N1 and NP antigens were present mainly in the olfactory nerve (ON)
layer and the glomerular layer (GL) of the OB both at 10 h and 15 h PI (Fig. 2). Viral antigen
immunoreactivity was rarely detected in mice inoculated with heat-inactivated (boiled) PR8,
as previously reported (Majde et al., 2007). The topographical distribution of the viral antigen-
IR cells was characterized by a ventrolateral localization (Fig. 2A and B) close to the entry of
the ON into the OB from the cribriform plate.

The viral protein-IR cells in the ON, the GL and, to a lesser extent, the external plexiform layer
(EPL) (Fig 3B and C) resembled F4/80-IR cells with numerous processes and microglia-like
morphology (Figs. 2C and 3A). We also found that viral antigen immunoreactivity was also
present in a group of densely stained fusiform-like cells resembling olfactory ensheathing cells
(OEC) in the ON (Au et al., 2002). These cells were located along the ON parallel to the nerve
fibers (Fig. 4). No viral protein immunoreactivity was observed in neuron-like cells (see
below).

3.1.2. F4/80-IR cells in the OB—In the OB, F4/80 immunoreactivity (Fig. 2C) was evident
in numerous ramified cells with microglia-like morphology; these cells had a topographic
distribution similar to viral antigen-IR cells (compare Fig. 2C to 2A and Fig. 3A to 3B and C).
F4/80-IR cells were most densely distributed in the GL with occasional F4/80-stained cells
also seen in the ON layer and the EPL (Fig. 2C). The morphology of the F4/80-IR cells in the
GL was altered by the live PR8 infection; the processes were shorter, thicker and more densely
stained with F4/80 antibody (Figs. 5B and 5D) in comparison with F4/80-stained cells in the
GL from the mice inoculated with boiled virus (Figs. 5A and 5C). Further, the cell bodies of
the F4/80-IR cells from the mice inoculated with live virus (Fig. 5B) appeared to be more
densely stained relative to cell bodies in boiled-virus control cells. The F4/80-IR cells in the
infected mouse OB were morphologically similar to activated microglia (Perry, 1994). The
number of F4/80-IR cells in the GL was not statistically different at 10 h PI between mice that
received boiled virus (5.8 ± 0.3) and mice that received live virus (6.7 ± 0.8, p=0.08). Similarly,
at 15 h PI, there were no significant differences between the number of F4/80-IR cells in mice
inoculated with live virus (17.4 ± 1.7) compared with mice inoculated with boiled virus (17.9
± 2.0, p=0.78).

3.1.3. Co-localization of viral antigen with F4/80 staining—H1N1 viral antigen
frequently co-localized with the macrophage marker F4/80 within microglia-like cells in the
GL (Fig. 6A).
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3.1.4. Co-localization of viral antigen with GFAP staining—GFAP-immunoreactivity
was observed in multi-branched cells of about 15–20 microns in diameter. These cells were
observed in the ON, GL and EPL, with the GL showing a more abundant population of the
GFAP-IR cells. However, in double-labeled OB sections the GFAP-IR cells that co-localized
with the anti-H1N1 antibodies were observed only in the GL (e.g., Fig. 6B). There were only
a few double-labeled GFAP-H1N1-IR cells in the OB. This is in contrast with the relatively
abundant double-labeled cells detected with the F4/80 and H1N1 antibodies in the same layer
(Fig. 6A).

3.1.5. Co-localization of viral antigen with NeuN staining—NeuN-IR cells were found
in both the GL and the EPL; however, not all cells with neuronal morphology in the analyzed
regions showed NeuN-immunoreactivity. None of the NeuN-IR cells showed co-localization
with the viral H1N1 antigen in any of the analyzed layers, though H1N1 staining was detected
in adjacent microglia-like cells as mentioned in Sec. 2.6 (Fig. 6C).

3.1.6. Quantification of OB TNFα-IR cells in infected versus control mice at 10
or 15 h PI—A large number of TNFα-IR cells were observed in the GL, EPL and ML of the
DAB-stained section. Absolute TNFα-IR cell numbers with statistical analysis are provided in
Table 1. At 10 h PI there were no significant changes in the numbers of TNFα-IR cells in the
rostral layers of the OB, but at 15 h PI, significant increases occurred in infected mice in the
EPL and the ML, but not the GL, relative to the boiled virus controls.

The morphology of the TNFα-IR cells resembled neurons, i.e., the cells were between 10 to
30 μm in diameterwith a lightly stained rounded nucleus surrounded by more darkly stained
cytoplasm (Fig. 7A and B). An apical dendrite was usually evident in the TNFα-IR cells in the
EPL but not in the GL. TNFα-immunoreactivity was present in cell bodies as well as in fiber-
like processes in the EPL. The morphology of the TNFα–IR cells was similar in live virus and
control mice. Double labeling of the OB with a combination of anti-TNFα and anti-NeuN
antibodies confirmed that TNRα-immunoreactivity was localized in the cytoplasm of neurons
labeled with NeuN in the nucleus (Fig. 6D).

3.1.7. Quantification of OB IL1β-IR cells in infected versus control mice at 10 or
15 h PI—IL1β-IR cells were detected in the GL and the EPL. IL1β-IR cells morphologically
resembled either neurons (as described above for TNFα-IR cells) or glia [i.e., ramified cells
between 5–15 microns in diameter that showed several darkly-stained projections and a small
dark nucleus (Fig. 8)]. The number of IL1β-IR glial-like cells within the various OB layers
was similar in live virus and control groups and consequently significant differences between
the two groups were not found (data not shown). Absolute numbers of IL1β-IR neuron-like
cells with statistical analysis are provided in Table 2. The number of IL1β-IR neuron-like cells
was not significantly increased at 10 h PI in the rostral OB but was significantly increased in
the EPL, but not the GL or the ML, at 15 h PI (Table 2).

Adjacent sections processed for double labeling with the IL1β antibody and cell markers
confirmed that IL1β-immunoreactivity co-localized with NeuN (Fig. 6E) in the GL and EPL,
and with GFAP (Fig. 6F) or F4/80 (Fig. 6G) in the GL.

3.2.1. Viral antigen immunoreactivity in the midbrain—No H1N1 or NP viral antigen
immunoreactivity was found in the Pir, Tu, the amygdale, Sctx, MPO or Arc either at 10 h or
at 15 h PI.

3.2.2. Quantification of midbrain TNFα-IR cells in infected versus control mice
at 10 or 15 h PI—Absolute numbers and statistical analysis of TNFα-IR cells in the midbrain
regions examined are provided in Table 1. At 10 h PI there were no significant changes in the
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number of TNFα-IR cells in the olfactory cortex, Sctx layers or central autonomic regions
examined, but at 15 h PI, significant increases in TNFα-IR cell numbers occurred in infected
mice relative to boiled controls in the Pir, Tu, and CeA but not the BLA, Sctx layers or arcuate.
TNFα immunoreactivity was mainly observed in layer II of the Pir and the dense cell layer
(DCL) of the Tu (Fig. 9, left side).

3.2.3. Quantification of midbrain IL1β-IR cells in infected versus control mice at
10 or 15 h PI—IL1β-IR cells in the midbrain morphologically resembled neurons but not
glial cells. Absolute numbers of IL1β-IR neuron-like cells with statistical analysis are provided
in Table 2. The number of IL1β-IR neuron-like cells in infected mice was not significantly
increased at 10 h PI from control values (derived from mice infected with boiled virus) in any
midbrain region examined. However, at 15 h PI the number of neuron-like cell staining for
IL1β was significantly increased in the Pir, Tu, CeA, MPO and Arc, but not the BLA or Sctx
layers, of infected mice compared to boiled virus controls (Table 2). IL1β immunoreactivity
was mainly observed in layer II of the Pir and the DCL of the Tu (Fig. 9, right side).

3.2.4. Cytokine association with midbrain neurons using double labeling—Both
TNFα and IL1β immunoreactivity co-localized with NeuN in the examined areas. An example
of co-localization in the CeA is shown for TNFα and NeuN (Fig. 10A) and IL-1β and NeuN
(Fig. 10B).

4. Discussion
In the GL and the EPL, glial cells positive for F4/80- or GFAP-immunoreactivity harbor
influenza antigens after IN infection with PR8 influenza virus. The majority of these cells
appeared morphologically similar to microglia, though microglia cannot be distinguished from
dendritic cells by morphology or F4/80 staining and are found in the same region of the OB
(Bulloch et al., 2008). Microglial cells are considered to be immune-effector cells in the brain
(Guillemin and Brew, 2003) having the capacity to clear viruses and virus-infected cells
(Hauwel et al., 2005). Additionally, we found that viral protein-immunoreactivity co-localized
with the astrocyte marker GFAP, suggesting that these cells also take up the virus after its
entrance into the GL. PR8 influenza is known to persistently infect mouse astrocytes in vitro
with minimal release of infectious virus (Bradshaw, et al., 1989). Both microglia and astrocytes
in mice bear the receptors for human and avian influenza viruses (Wang, et al., 2008) and will
support replication of non-mouse-adapted influenza strains in vitro. Whether these glial cells
support influenza replication in vivo is not known.

F4/80-IR OB cells in mice receiving live virus were morphologically distinct from those F4/80-
IR cells of mice inoculated with boiled virus. The thicker and shorter processes, as well as the
darkly stained cell bodies, suggest that the cells are activated. After viral or bacterial infections
microglia rapidly undergo activation as indicated by changes in their morphology (Deng et al.,
2006) similar to those reported here, and express phagocytic markers (Kumaraswamy et al.,
2006; Lehnardt et al., 2006; Ghoshal et al., 2007; Lemstra et al., 2007). That the number of
F4/80-IR cells did not significantly change after infection with live virus either at 10 h or 15
h PI, suggests that the F4/80-IR cells were resident microglia or dendritic cells, not
macrophages migrating from the blood (Perry et al., 1985; Deshpande et al., 2007).

We failed to demonstrate the co-localization of viral proteins within neurons using the neuronal
marker NeuN. However, recent studies (Kumar and Buckmaster, 2007; Parrish-Aungst et al.,
2007) indicate that the neuronal marker NeuN does not label all OB neurons, leaving open the
possibility that in vivo neurons could take up viral protein and/or virus. However, there is no
evidence indicating that the PR8 strain of influenza is able to replicate in neurons (Bradshaw,
et al., 1989).
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In the ON we observed that viral proteins were present in large fusiform cells resembling
olfactory ensheathing cells (OECs) (Au et al., 2002). OECs wrap the axons of the olfactory
receptor neurons and together with ON fibroblasts form channels capable of transporting 100
nm mineral particles to the OB glomeruli (Li et al., 2005; Vincent et al., 2005). If influenza
virus enters OEC channels, the OECs are phagocytic and endocytotic (Leung et al, 2008) and
could possibly take up virions from within these channels. Full or partial replication of the
virus within the OECs would then lead to the expression of viral antigens and binding of
influenza antibodies, accounting for our observations. Direct evidence for this hypothesis is
lacking, but we speculate that OEC channels are one of several possible pathways that may be
involved in the transport of the influenza virus to the OB (Majde et al., 2007).

The increase in the number of cells expressing TNFα and IL1β proteins in the OB in response
to live virus extends our previous observations of virus-enhanced TNFα and IL1β mRNAs in
the OB at 15 h PI (Majde et al., 2007). The differences in distribution of cytokine-IR cells in
the GL, EPL and the ML may be a manifestation of sequential events within the OB, including
the dynamics of virus distribution or that of its dsRNA replication intermediates (Majde et al.,
1998).

The second major finding described herein was the presence of enhanced cytokine–IR cell
numbers after viral challenge in brain regions such as the olfactory cortex and central autonomic
system. Though cytokines are not normally recognized as neuronal components, substantial
evidence demonstrates that neurons produce pro-inflammatory cytokines in response to
pathological conditions and activate microglia to become antigen-presenting cells (Liu et al.,
1994; Ohtori et al., 2004; Yang et al., 2004; Figiel and Dzwonek, 2007). Furthermore, our
findings of TNFα- and IL1β-immunoreactivity in neurons confirm prior results demonstrating
neuronal expression of these cytokines (Breder et al., 1993; Breder et al., 1994; Ignatowski et
al., 1997; Lim and Brunjes, 1999; Gao et al., 2000; Acarin et al., 2000; Ji et al., 2005; Figiel
and Dzwonek, 2007; Mao et al., 2006; Kwon et al., 2008). Our methods do not distinguish
between cytokines synthesized by neurons and uptake of glial cytokines by nearby neurons

Viruses transported via the ON to the OB have the potential to signal caudal regions of the
brain via glial products or activated neurons, or both, even though the viruses may not invade
the brain further than the GL. In the GL, olfactory receptor neurons synapse with dendrites of
second order neurons such as tufted and mitral cells (Kinoshita et al., 2002). The axons of OB
tufted and mitral cells project to different brain regions including the Pir and the Tu, which are
considered components of the olfactory cortex, (Josephson et al., 1997; Haberly, 2001; Suzuki
and Bekkers, 2007). Projections from the OB also reach the amygdala at the anterior cortical
nucleus and the posterolateral cortical amygdala (Price, 2003; Ubeda-Bañon et al., 2007). In
addition, the BLA and CeA receive indirect connections from the OB through the Pir and
through the anterior and posterolateral amygdala (Johnson et al., 2000; LeDoux, 2007).
Bilateral lesions of the CeA attenuate herpes simplex virus-1-induced fever and increased
locomotor activity in rats (Weidenfeld et al., 2005). Furthermore, after systemic injections with
LPS (Konsman et al., 1999) or IL1β (Day et al., 1999), c-fos mRNA and protein expression
increase in the CeA, indicating activation in response to antigen-induced stimulation (Sagar et
al., 1995). These results suggest a role for the CeA in the regulation of the APR (Weidenfeld
et al., 2005). Our results are consistent with this idea because we found that the number of
TNFα and IL1β-IR cells increased in the CeA in response to viral challenge.

The Pir is also indirectly connected to the hypothalamic arcuate nucleus (Arc) (Chiba and
Murata, 1985; Lin and York, 2004; Price et al., 1991; Price, 2003). The Arc is another area
implicated in the regulation of the APR, including hypothermia and anorexia responses
(Jolicoeur, et al., 1995). Pro-inflammatory stimuli, such as IL1β or LPS or Staphylococcus
enterotoxin, given systemically enhance the expression of the neuronal activity marker c-Fos
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in the Arc (Bluthe et al., 2000; Reyes and Sawchenko, 2002; Scarlett et al., 2007; Rossi-George
et al., 2005). Our results are consistent with those findings to the extent that after viral challenge
Arc IL1β-positive neurons increase (see discussion below). The Arc is close to the median
eminence, a circumventricular organ lacking the blood-brain-barrier. It is thus possible that the
enhanced Arc IL1β may result from signals of blood origin. After influenza PR8 challenge,
virus is sporadically detected in blood (Mori et al., 1995; Majde et al., 2007). Another
possibility is that cytokines of peripheral origin (e.g. lungs) signal the hypothalamus via
afferent vagal fibers to the nucleus tractus solitarius in the brainstem and from there via neurons
that project to the Arc (Hansen et al., 1998; Goehler et al., 2000; Kubota et al., 2001; Matsuda
et al., 2004; Wieczorek et al., 2005) because vagotomy blocks intraperitoneal IL1β-induced
up regulation of hypothalamic IL1β transcripts (Hansen et al., 1998).

The OB is also indirectly connected to the MPO (Shipley et al., 2004), another brain region
implicated in body temperature regulation (Szymusiak and Satinoff, 1982). Parts of the
amygdala that receive olfactory input project to the medial and anterior hypothalamus, which
includes the MPO (Shipley et al., 2004). The MPO has been implicated in the actions of
IL1β on body temperature in rats (Sellami and de Beaurepaire, 1995). Therefore, our results
showing an increase in the number of IL1β-IR cells in the MPO supports the role of these cells
in the hypothermic response to the viral infection.

The lack of virus immunoreactivity in the different regions of the midbrain suggests that the
observed increases in midbrain cytokines are not directly induced by local virus. It is well-
known that TNFα and IL1β induce each other and their own production (Vitkovic et al.,
2000; Silverman et al., 2005). Cytokines released into the extracellular space, such as TNFα
and IL1β, likely stimulate nearby neuronal TNFα and IL1β production.

The increases in cytokine expressing neurons in the hypothalamus reported here may be related
to body temperature, food intake, sleep responses and other characteristic changes in sickness
behavior. While infections are generally associated with fever, and mice can generate a fever
with certain stimuli (Kozak et al., 1995), influenza in mice is marked by a stereotypic
hypothermia response, that like fever, seems to be regulated (Conn et al., 1995; Fang et al.,
1995; Toth et al., 1995; Romanovsky et al., 2005). Further, mice become anorexic after
influenza challenge and can lose up to 20% of their body weight before death or recovery
(Conn et al., 1995). Mice also sleep substantially more for days after influenza challenge (Fang
et al., 1995; Toth et al., 1995). Both TNFα and IL1β injected intracerebroventricularly cause
anorexia (Plata-Salaman et al., 1988) and enhance sleep (Krueger et al., 1984). These responses
are likely brought about via multiple actions by IL1β and TNFα. For example, IL1β inhibits
neuropeptide Y (NPY)-induced feeding and suppresses arcuate NPY levels (Gayle et al.,
1997). Neuropeptide Y inhibits sleep (Szentirmai et al., 2006). Regardless of the mechanisms
of influenza-induced changes in sickness behavior, such responses appear protective (e.g.,
Klein et al., 1992).

In conclusion, the results presented here indicate that PR8 influenza virus localizes to glia in
the GL of the OB leading to the production of pro-inflammatory cytokines in the OB and in
increased numbers of neurons within different regions of the brain; i.e., olfactory cortex (Pir
and Tu), a region of the amygdala with projections from the olfactory cortex (the CeA) and
temperature-regulating regions of the hypothalamus (the MPO and Arc) at 15 h. The enhanced
neuronal expression of cytokines is evident when the animals are responding to the viral
challenge (15 h) but not at 10 h PI prior to illness onset.
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Fig. 1.
Demonstration of the specificity of cytokine antibodies used. Tumor necrosis factor alpha
(TNFα)- (top) and interleukin-1 beta (IL1β)-IR cells (bottom) in the OB of non-infected wild-
type (WT) mice (A and C) and knockout (KO) mice (B and D) for the respective cytokine.
Immunoreactivity was observed in neuron-like cells in the glomerular layer and in the external
plexiform layer in the WT mice [(A) in top and bottom] but not in the KO mice (B in top and
bottom). Preabsorption of the specific antibodies with the recombinant proteins for 24 h
blocked the immunostaining for both cytokines in both WT mice (C) (top and bottom). Scale
bar = 0.025 mm.
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Fig. 2.
Distribution of viral protein and F4/80 immunoreactivity within cross-sections of the whole
olfactory bulb (OB). Viral H1N1 immunoreactivity is mainly present in the olfactory nerve
(ON) and glomerular layer (GL) with less detectable immunoreactivity in deeper layers such
as the external plexiform layer (EPL) (A and B). The H1N1 immunoreactivity is largely
concentrated in the ventro-(V) lateral (L) area of the OB (A and B). Fig. 2B is a schematic
representation of the OB section in (A). Each dot represents two H1N1-IR cells (B). F4/80
immunoreactivity in the olfactory bulb showed a similar pattern of distribution to the one
observed for the viral antigen (C). Scale bar= 0.2 mm. Mitral layer (ML), medial surface (M),
and dorsal surface (D).
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Fig. 3.
Morphological comparison of immunoreactivity in the glomerular layer of the OB sections of
mice inoculated with live PR8 using F4/80 antibody (A), viral H1N1 antibody (B) and viral
nucleoprotein (NP) antibody (C), respectively. Viral protein-IR cells (B and C) showed similar
shape and size to the F4/80-IR cells (A), including several darkly stained processes. Scale bar
= 0.01 mm.
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Fig. 4.
Photomicrograph of H1N1-immunoreactivity in the olfactory nerve of a mouse inoculated with
live PR8. Arrows designate fusiform cells running along the nerve fibers. These H1N1-IR cells
resemble olfactory ensheathing cells (Ubink et al., 1994). An arrow head illustrates H1N1-IR
in a glia-like cell. Scale bar = 0.025 mm.
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Fig. 5.
Photomicrographs of the olfactory nerve (ON), glomerular layer (GL) and external plexiform
layer (EPL) of the OB from boiled and live virus-inoculated mice at 15 h post IN inoculation
stained for F4/80 at two magnifications. At the lower magnification numerous intensely-stained
ramified microglia-like cells (arrows) were seen in the GL and EPL of the OB of mice
challenged with boiled (A) or live (B) PR8. Higher magnifications of the microglia-like cells
are also shown for the boiled (C) and live (D) PR8-infected mice. Cells in the OB of mice
inoculated with live virus (B and D) were more darkly stained and showed thicker processes
than the cells in the OB from mice inoculated with boiled virus (A and C). Scale bar = 0.025
mm (A & B) or 0.01 mm (C & D).
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Fig. 6.
Immunofluorescence of H1N1-IR cells and cytokines with cellular markers is illustrated by
light (A and G) or confocal (B, C, D, E, and F) photomicrographs of the OB of mice at 15 h
after live PR8 inoculation. Yellow arrows indicate co-localization, while white arrows indicate
single-labeled cells. Viral H1N1-immunoreactivity (red) co-localized with F4/80-
immunoreactivity (green), suggesting that microglia-like cells in the GL take up virus (A).
Viral H1N1-immunoreactivity (red) co-localized with some cells expressing the astrocyte
marker GFAP (green) in the GL, suggesting that astrocytes in the GL also take up virus (B).
Double-labeling with anti-viral H1N1 antibodies (green) and the neuronal marker NeuN (red)
in adjacent sections of the infected OB did not show co-localization of the virus within neurons
in the GL (C). Two cells showing double-labeling (yellow arrows) with TNFα (red) and NeuN
(green) indicate the presence of TNFα in the cytoplasm of some juxtaglomerular neurons in
the external plexiform layer. Some cells only showed TNFα-immunoreactivity (white arrow)
(D). IL1β-immunoreactivity (red) co-localized with one cell also labeled with NeuN (green)
in the external plexiform layer, demonstrating that IL1β was present in some neurons (yellow
arrow) (E). Some cells in the glomerular layer labeled with IL1β (red) also expressed GFAP
(green) indicating the presence of IL1β in astrocytes of the infected OB (F). Some cells in the
glomerular layer labeled with IL1β (red) also expressed F4/80 (green) indicating the presence
of IL1β in microglia of the infected OB (G) Scale bar = 0.01 mm (A, B, E, G) or 0.02 mm (C,
D, F).
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Fig. 7.
Tumor necrosis factor alpha (TNFα)-IR cells in the OB of mice inoculated with live PR8 15 h
post inoculation. Immunoreactivity was observed in neuron-like cells (arrowheads) in the
external plexiform layer (EPL) (A). TNFα-IR was also observed in the long neuronal
projections (arrows) of mitral cells in the EPL (B). Scale bar = 0.025 mm. GL: glomerular
layer; ML: Mitral cell layer.
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Fig. 8.
IL1β-immunoreactivity in the OB of mice inoculated with live PR8 virus 15 h post inoculation.
The IL1β-immunoreactivity was observed in the GL and the EPL. The morphology of IL1β–
IR cells suggests that both neuron-like cells in the EPL (arrow heads) and glia-like cells in the
GL (arrows) are expressing this cytokine. Scale bar = 0.025 mm. ON: olfactory nerve.
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Fig. 9.
Distribution of the TNFα- and IL1β-immunoreactive (IR) cells in the piriform cortex (Pir) and
olfactory tubercle (Tu) at 15 h after intranasal inoculation with live PR8 influenza virus. In the
Pir, most of the IR-cells labeled with either cytokine antibody were observed in layer II. In the
Tu, most of the IR-cells were observed in the dense cell layer (DCL). MFL (multiform layer),
ML (molecular layer).
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Fig. 10.
Immunofluorescence of TNFα–and IL1β-immunoreactive cells and the neuronal marker NeuN
is illustrated by light microscopy in the central amygdala. TNFα (red) and NeuN (green)
indicate the presence of TNFα in the cytoplasm of some neurons in the central amygdala from
infected mice (A). IL1β-immunoreactivity (green) co-localized with cells also labeled with
NeuN (red) in the central amygdala (B). Scale bar = 0.02 mm.
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