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Abstract
Pandemic 2009 influenza A (H1N1) virus (H1N1pdm) is different from contemporary seasonal
human viruses in that it can cause infection deep in the lungs of critical care patients. Here we
establish a mammalian animal model and assessed the efficacy of the neuraminidase (NA)
inhibitor oseltamivir treatment against H1N1pdm virus infection. Oseltamivir (25 mg/kg/day twice
daily for 5 days) was orally administered to groups of ferrets, starting either 2 or 24 h after
inoculation with 106 PFU of A/California/04/2009 (H1N1) influenza virus. We determined that
virus replication was restricted to 1 or 2 of 4 lung lobes in oseltamivir-treated animals, while virus
was consistently isolated from 4 of 4 lung lobes in control animals (1.5–3.8 log10PFU/g). Analysis
of arterial blood oxygenation revealed less pronounced changes in partial oxygen and carbon
dioxide pressure in oseltamivir-treated ferrets, and histologic examination confirmed reduced
pneumonia. Treated animals had significantly decreased inflammatory responses in the upper
respiratory tract (P<0.05), less fever and weight loss, and less reduction of activity. Virus titers in
the nasal washes of treated and control ferrets did not differ significantly. NA sequencing and
fluorescence-based phenotypic assays identified no oseltamivir-resistant variants. Overall,
oseltamivir treatment decreases the signs of infection and reduced the spread of H1N1pdm
influenza virus in the lungs of ferrets and therefore impeded the development of viral pneumonia.
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1. Introduction
Pandemic influenza A (H1N1) virus (H1N1pdm) emerged in April 2009 in Mexico and
rapidly spread to more than 200 countries. Genetic analyses showed that the virus was
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generated by multiple reassortment events and that each of its precursor gene segments had
circulated in swine for more than 10 years (Garten et al., 2009; Smith et al., 2009). The M
and NA genes, which are the targets of specific anti-influenza drugs (M2 ion channel
blockers and NA inhibitors), belong to the Eurasian swine lineage of influenza viruses and
are wholly derived from avian influenza viruses (Smith et al., 2009). Most of the circulating
H1N1pdm viruses carry the N31S mutation in the M2 protein and are resistant to M2 ion
channel blockers (WHO, 2009; Gubareva et al., 2010). However, few of the viruses have
been found to be resistant to the NA inhibitor oseltamivir (CDC, 2009; Kidd et al., 2009);
resistance has been detected predominantly in either hospitalized patients (most of whom
were immunosuppressed and received prolonged oseltamivir therapy) (Kidd et al., 2009;
Gaur et al., 2010) or those in whom post-exposure oseltamivir prophylaxis failed (WHO,
2009).

Human infection with H1N1pdm viruses is characterized by a broad spectrum of clinical
symptoms, ranging from afebrile upper respiratory illness to diffuse viral pneumonia (Cao et
al., 2009; Writing Committee, 2010). Systemic (e.g., gastrointestinal) symptoms are
frequent. The pathogenesis of H1N1pdm influenza viruses has been investigated in several
animal models. Studies in mice, ferrets, pigs, and non-human primates found that H1N1pdm
viruses replicated in the upper respiratory tract (URT), thus showing receptor-binding
properties similar to those of seasonal H1N1 and H3N2 viruses. However, H1N1pdm
viruses also possess the receptor specificity necessary for replication in lung tissue (Itoh et
al., 2009; Maines et al., 2009; Munster et al., 2009). Previously the ability to replicate in
lung tissue was predominantly a characteristic feature of highly pathogenic H5N1 influenza
viruses; in contrast, the seasonal human influenza viruses replicate only to a limited extent in
lung tissue (Shinya et al., 2006; Gambotto et al., 2008).

Given the fact that H1N1pdm viruses possess the ability to replicate deep in the human
lungs, evaluation of the benefits of approved anti-influenza drugs is of high priority. Here
we studied oseltamivir effectiveness against H1N1pdm virus in a ferret animal model, in
particular the capacity to inhibit virus replication in lung tissue. We applied a novel method
to evaluate the extent of pulmonary infection based on alterations of lung functions as
determined by arterial blood oxygenation. Emergence of oseltamivir-resistant variants was
not determined by NA sequencing and fluorescence-based phenotypic assays of nasal wash,
nasal turbinate, and lung isolates.

2. Materials and methods
2.1. Viruses and cells

Wild-type A/California/04/2009 (A/CA/04/09) (H1N1) influenza virus was provided by Dr.
Y. Kawaoka (University of Wisconsin-Madison) The virus was isolated from the nasal swab
of a patient by culturing in Madin-Darby canine kidney (MDCK) cells (American Type
Culture Collection, Manassas, VA), followed by two passages in MDCK cells that were
maintained in minimal essential medium supplemented with 5% newborn calf serum, 2 mM
L-glutamine, 0.2% sodium bicarbonate, 100 U/ml penicillin, and 100 μg/ml streptomycin
sulfate in a humidified atmosphere of 5% CO2.

2.2. Compound
Oseltamivir carboxylate ([3R,4R,5S]-4-acetamido-5-amino-3-[1-ethylpropoxy]-1-
cyclohexene-1-carboxylic acid) and the prodrug oseltamivir phosphate (oseltamivir)
[ethyl(3R,4R,5S)-4-acetamido-5-amino-3-(1-ethylpropoxy)-1-cyclohexene-1-carboxylate]
were provided by F. Hoffmann-La Roche Ltd.
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2.3. Plaque assay
Plaque assays were performed in MDCK cells to determine virus yield and plaque diameter.
Briefly, confluent MDCK cells were incubated for 1 h at 37°C with 10-fold serial dilutions
of virus in 1 ml infection medium. The cells were then washed and overlaid with freshly
prepared MEM containing 0.3% BSA, 0.9% SeaPlaque agarose (Lonza, Rockland, ME), and
1 μg/ml TPCK trypsin (Worthington Biochemical Corp.). The plaques were assessed after
incubation at 37°C for 3 days.

2.4. Virus susceptibility to NA inhibitor in vitro
A modified fluorometric assay using the fluorogenic substrate 2′-(4-methylumbelliferyl)-α-
D-N-acetylneuraminic acid (MUNANA) (Sigma-Aldrich) was used to determine viral NA
activity (Potier et al., 1979). The fluorescence of the released 4-methylumbelliferone was
measured in a Synergy 2 multi-mode microplate reader (BioTek) using excitation and
emission wavelengths of 360 and 460 nm, respectively. The drug concentration required to
inhibit 50% of the NA enzymatic activity (IC50) was determined by plotting the percent
inhibition of NA activity as a function of compound concentration calculated in the
GraphPad Prism 4 software from the inhibitor-response curve.

2.5. Assessment of drug efficacy in ferrets
All animal experiments were approved by the Animal Care and Use Committee of St. Jude
Children’s Research Hospital and complied with National Institutes of Health policies and
the Animal Welfare Act. Young adult female ferrets (Marshall’s Farms, North Rose, NY)
aged 3 to 5 months were screened by HI test to ensure seronegativity to currently circulating
human H1N1 and H3N2 influenza A viruses, influenza B viruses, and H1N1pdm influenza
A viruses. Ferrets were anesthetized by IM administration of ketamine 5 mg/kg body
weight, xylazine 0.5 mg/kg body weight, and atropine 0.04 mg/kg body weight, and by
inhalation of isoflurane. Three groups, each of 7 ferrets were inoculated intranasally with
106 plaque-forming units (PFU) of A/CA/04/09 (H1N1) influenza virus in 0.5 ml PBS. Five
animals were observed for clinical signs of infection and 2 were euthanized on day 4 post-
inoculation (p.i.) to determine virus titers in the internal organs. Control (uninfected,
untreated) animals received 0.5 ml of sterile PBS delivered intranasally.

Oseltamivir (25 mg/kg/day given as 2 daily doses of 12.5 mg/kg for 5 days) was mixed 1:1
with sterile sugar syrup and was given orally beginning either 2 or 24 h after virus
inoculation. Control inoculated ferrets received sterile PBS mixed 1:1 with sterile sugar
syrup (placebo) on the same schedule. Clinical signs of illness, relative inactivity index (RII)
(Reuman et al., 1989), weight, and temperature were recorded daily. Body temperature was
measured once daily by subcutaneous implantable temperature transponders (Bio Medic
Data Systems Inc, Seaford, DE). A rise in body temperature greater than three S.D. above
baseline was considered a significant elevation.

2.6. Inflammatory responses in the upper respiratory tract
Inflammatory cell counts were determined in nasal washes obtained on days 2, 4, 6, 8, and
10 p.i. (Govorkova et al., 2007). Briefly, the nasal washes were centrifuged at 1000 × g for
10 min. The cell pellet was resuspended in PBS, and the cells were counted in an automated
cell counter (Invitrogen Corp., Carlsbad, CA). The inflammatory cell count was calculated
on the basis of the initial volume of nasal wash. The protein concentration in the cell-free
nasal wash supernatant was determined by using a standard protein assay (Bio-Rad,
Hercules, CA).
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2.7. Measurement of arterial blood oxygenation
Three animals per experimental group were anesthetized by IM administration of ketamine 5
mg/kg body weight on days 0, 4, and 8 p.i., and arterial blood was collected from the tail
arteries. Partial pressure of oxygen (pO2, used as a measure of blood oxygenation) was
measured by using a portable i-STAT handheld analyzer (Abott Lab., Abott Park, IL).

2.8. Virus load in the upper and lower respiratory tracts
On days 2, 4, 6, 8, and 10 p.i. ferrets were anesthetized by IM injection of ketamine (25 mg/
kg), and 0.5 ml sterile PBS containing antibiotics was instilled into each nostril and
collected. Virus in the nasal wash specimens was titrated in MDCK cells and expressed as
log10PFU/ml. Two animals in each treatment and control group were euthanized on day 4
p.i. (~12 h after administration of oseltamivir or placebo) by intracardiac injection of
Euthanasia V solution. Tissue samples (~0.5 g) were collected from the nasal turbinate,
trachea, and each of the 4 lung lobes. Samples were homogenized in 1 ml sterile PBS with
antibiotics and the virus titer (log10PFU/g) was determined in MDCK cells.

2.9. Histologic analysis
Tissues (nasal turbinate, trachea and lung) collected on day 4 p.i. were fixed in 10% neutral-
buffered formalin and embedded in paraffin. Five-micron sections were stained with
hematoxylin and eosin and examined by light microscopy.

2.10. Emergence of resistance-associated mutations
Viral RNA was isolated directly from nasal washes collected on days 6 and 8 p.i. and from
lung, nasal turbinate, and trachea homogenates collected on day 4 p.i. by using the RNeasy
Mini kit (Qiagen). For clonal analysis of the virus population, we analyzed viral RNA
extracted from individual plaques obtained in MDCK cells after inoculation with nasal wash
samples or from the various tissue homogenates. The HA (HA1 region) and NA genes were
sequenced by RT-PCR as described elsewhere (Hoffmann et al., 2001) by the Hartwell
Center for Bioinformatics and Biotechnology at St. Jude to identify mutations associated
with NA inhibitor resistance. DNA sequences were completed and edited by using the
Lasergene sequence analysis software package (DNASTAR).

2.11. Serological tests
Serum samples were collected from ferrets 21 days p.i., treated with receptor-destroying
enzyme, heat-inactivated at 56 °C for 30 min, and tested by HI assay with 0.5% packed
chicken red blood cells.

2.12. Statistical analysis
Virus titers in ferret organs and nasal wash samples were compared by unpaired two-tailed t-
test. A probability (P) value of 0.05 was prospectively chosen to indicate that the result was
not attributable to chance.

3. Results
3.1. Effect of oseltamivir treatment on clinical signs

To evaluate the effect of oseltamivir treatment on the reduction of clinical signs we
inoculated ferrets with 106 PFU of A/CA/04/09 (H1N1) influenza virus and treated them
with the drug at a dose of 25 mg/kg/d starting either 2 h or 24 h p.i. Control (infected,
untreated) ferrets showed mild signs of inactivity (RII=1.0), a 1–2 °C increase in body
temperature on days 2–4 p.i., and continuous weight loss during days 1–6 p.i.; weight loss
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was maximal (8.5%) on day 6 p.i. (Fig. 1A, B). Common respiratory signs, including nasal
discharge, coughing, and sneezing, were observed in 2/5 control ferrets. The oseltamivir-
treated ferrets showed no signs of reduced activity (RII~0), developed less pronounced fever
that did not peak on day 4 p.i. as in controls (Fig. 1A,B), showed no respiratory signs, and
had markedly less weight loss than the control group. Cell counts in the nasal washes of
oseltamivir-treated animals did not change and did not differ appreciably, whereas a 5-fold
elevation of cell counts was observed in control untreated animals on day 6 p.i. (P= 0.0001)
(Fig. 1C). The protein concentrations of the nasal washes showed a similar pattern (Fig. 1D).
All ferrets showed a strong serum antibody response on day 21 p.i. (HI reciprocal geometric
mean titers of 1280–2560) that was comparable across regimens and groups (data not
shown). Thus, although the oseltamivir treatment regimens studied did not protect against
infection, they reduced morbidity and hastened recovery.

3.2. Effect of oseltamivir treatment on virus replication in upper and lower respiratory
tracts

To determine the effect of oseltamivir treatment on virus replication in the nasal cavities and
lung tissue we examined virus load in the nasal washes of ferrets on days 2, 4, 6, 8 and 10
p.i. and in each 4 lung lobes. Virus-inoculated ferrets shed high titers of virus from the upper
respiratory tract on day 2 p.i. (mean peak titer, 5.9–6.9 log10 PFU/ml) and continued
shedding through day 6 p.i. No virus shedding was detected on days 8 and 10 p.i. in the
control or treatment groups (Fig. 1E). These virus titers did not differ significantly in control
vs. treated ferrets (P>0.05) at any time point.

There was clear evidence of A/CA/04/09 (H1N1) virus replication in the lung tissue. Virus
was isolated from all 4 lung lobes in both of the untreated control animals tested on day 4
p.i.; titers were 1.5–3.8 log10PFU/g (Fig. 2A). Virus titers were even higher in the nasal
turbinates and tracheas of the two control animals (4.8 log10PFU/g). When treatment with
oseltamivir was initiated 2 h p.i. (Fig. 2B), virus was isolated from only a single lung lobe in
only one of the 2 animals tested (titer, 2.0 log10PFU/g); tracheal titers were ~2.0 log10PFU/g
lower than those in control ferrets, although titers in the nasal turbinates were comparable.
When oseltamivir treatment was delayed until 24 h p.i. (Fig. 2C) virus replication was
detected in one lung lobe in each treated ferret but nasal turbinate and tracheal titers did not
differ substantially from those in controls.

Histopathological analysis revealed mild to moderate rhinitis in control animals,
characterized by multifocal necrosis of submucosal mucus glands and inflammatory cell
infiltrates in the nasal turbinates (Fig. 3A). In the trachea, 50%-75% of the submucosal
mucus glands were necrotic and filled with cellular debris and inflammatory cells (Fig. 3D).
Histopathologic changes in the nasal turbinates and trachea of oseltamivir-treated ferrets
were minor, and aggregates of necrotic cellular debris and mononuclear inflammatory cells
were detected in <5% of the tissues (Fig. 3B, C, E, F). Moderate bronchiolitis characterized
by epithelial necrosis and sloughing and acute inflammation affected 50% of two lung lobes
and more than 90% of two lung lobes in both control animals (Fig. 3G). In some areas the
inflammation extended into the alveoli adjacent to the bronchioles. In the oseltamivir-treated
ferrets, histopathologic changes in the tissues studied were quite variable among lung
samples, and the extent of lung pathology differed markedly from that in controls. In each
treatment group (2 h and 24 h p.i.), one ferret showed bronchiolitis with acute inflammation
affecting ~30% of the 4 lobes (Fig. 3H) and the other ferret showed acute inflammation of a
single bronchiole in one lobe (~1% tissues), with little involvement (< 1% tissues) of other
lung tissue (Fig. 3I).

We evaluated the effect of oseltamivir treatment on lung function by measuring partial
oxygen pressure (pO2) and partial carbon dioxide pressure (pCO2) in the arterial blood of
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ferrets on days 0, 4, and 8 p.i. (Fig. 4A, B). In the control group, the pO2 declined from ~65
to ~42 mmHg on day 4 p.i. and returned to near-baseline levels on day 8 p.i.; the changes in
pCO2 were consistent with the observed changes in pO2. In the oseltamivir-treated groups,
changes in pO2 and pCO2 were less pronounced but were not found to differ significantly
from control values.

3.3. Emergence of oseltamivir resistance
To determine whether oseltamivir-resistant variants emerged during treatment, we
sequenced the NA and HA (HA1 region) genes of viruses isolated from nasal wash (days 6
and 8 p.i.), nasal turbinate, trachea, and lung (day 4 p.i.) samples. Direct sequencing of the
NA genes from nasal wash samples and analysis of virus clones obtained from individual
plaques in MDCK cells revealed no sequence change in amino acid residues H275Y (Table
1), I223R and N295S (results not shown), associated with oseltamivir resistance in the N1
NA subtype. Moreover, all isolates remained susceptible to oseltamivir carboxylate on day 6
p.i. (mean IC50, 2.6 –5.3 nM) in NA enzyme inhibition assays. In an analysis of 12 clones,
we identified polymorphism of three amino acid residues (G155E, S183P, and L191I) in the
HA1 region of the stock A/CA/04/09 (H1N1) virus (Table 1). Clones with different amino
acids at these positions were identified in samples from inoculated control animals. Two HA
mutations (155E and 191I) consistently appeared together in the control ferrets. In the
oseltamivir-treatment groups, clones with the S183P and L191I polymorphisms were
identified, but they showed only glycine at residue 155. Although these HA mutations can
affect virus properties, they did not alter susceptibility to oseltamivir carboxylate. No
resistant variants were detected in this study.

4. Discussion
The main purpose of our study was to establish mammalian animal model for determination
whether oseltamivir can offer a clinical benefit to humans infected with H1N1pdm virus,
which, unlike contemporary seasonal influenza viruses, is reported to replicate deep in the
lungs and cause viral pneumonia. In a ferret model we found that orally administered
oseltamivir effectively reduced the spread of A/CA/04/09 (H1N1) virus in the lungs, thus
reducing the risk of development of viral pneumonia. This finding is consistent with a
clinical observation that oseltamivir appears to reduce the risk of radiographically confirmed
pneumonia and that treatment within 2 days of symptom onset can reduce the duration of
fever and virus shedding (Yu et al., 2010). The effect of oseltamivir on virus load and on the
duration of virus shedding is not often addressed in clinical trials. We consider that the
extent to which treatment with oseltamivir might control viral replication in the URT and
lung tissues is an important determinant which can affect virus transmission and
development of complications.

Preclinical data suggest that the effectiveness of oseltamivir treatment depends on the virus
load and that higher doses and more prolonged treatment are required for more virulent
H5N1 influenza virus infection (Yen et al., 2005; Govorkova et al., 2007). This study used a
high inoculation dose of H1N1pdm virus (106 PFU/ferret), which may explain why virus
replication in the URT was not inhibited by oseltamivir. This inoculation dose was selected
based on preliminary experiments on the pathogenicity of H1N1pdm influenza virus in
ferrets, and resulted in detectable clinical signs of infection which can be monitored under
antiviral drug treatment (results not shown). Most human infections are likely to involve a
smaller virus inoculum and therefore may respond more favorably to oseltamivir. Two small
observational studies of 2009 H1N1pdm influenza also suggested that early oseltamivir
treatment reduces the duration of virus shedding (Ling et al., 2010), virus load, and duration
of fever (Li et al., 2010). The pharmacokinetic parameters of oseltamivir carboxylate are
well established in humans; its oral bioavailability is reported to be ~80%, peak plasma
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concentration is achieved 3–4 hours after administration, and plasma half-life is 6–10 h
(McClellan and Perry, 2001). However, limited information is available about the
pharmacokinetics and tissue distribution of the drug in a ferret model. It is possible that
insufficient oseltamivir was available in the upper respiratory tract of ferrets to promote
virus clearance.

Improved methods are needed to monitor the respiratory condition of experimental animals
infected with H1N1pdm influenza virus, which is known to replicate in the lungs (Itoh et al.,
2009; Maines et al., 2009; Munster et al., 2009). This study is the first, to our knowledge, to
assess the effect of oseltamivir treatment on lung function in a ferret model, although arterial
blood gas parameters (pO2, pCO2, pH) have been used in mice to characterize pulmonary
function during infection with H1N1 (Thomas et al., 2009) and H5N1 (Xu et al., 2006)
viruses. We observed a tendency to less impaired lung functions from day 0 to day 4 p.i. in
the oseltamivir-treated ferrets as compared to those in control. Inoculation of ferrets with A/
CA/04/09 (H1N1) virus in this study caused mild disease, and it is possible that more severe
respiratory impairment would have revealed significant differences. The use of arterial
blood gas measurements was also limited by the necessity to collect blood samples on
multiple days and potential adverse side effects of anesthesia on the levels of blood gases.
Anesthesia can have marked effects not only on cardiopulmonary function and tissue
oxygenation but also on vascular regulation (Wilson et al., 2006) and therefore limits this
approach to evaluate lung functions in an animal model. The suitability of non-invasive
methods such as pulse-oximetry for use in ferrets should be assessed and it could be a
valuable parameter for evaluation of drug efficacy in pre-clinical experiments.

The development and dissemination of resistance can significantly compromise the clinical
benefits of NA inhibitors. A single H275Y NA mutation is the most common cause of
resistance in the N1 NA subtype and has been observed in oseltamivir-resistant H1N1pdm
viruses (Deyde et al., 2010). A novel I223R NA mutation identified in H1N1pdm viruses
caused relatively modest resistance to both oseltamivir and zanamivir; in combination with
H275Y, this mutation significantly increased resistance to oseltamivir and peramivir but
only marginally increased resistance to zanamivir (Nguyen et al., 2010; van der Vries et al.,
2010). Here we examined virus samples from nasal washes and tissues (nasal turbinate,
trachea and lungs) for known molecular markers of NA inhibitor resistance by sequence
analysis of dominant virus populations and individual clones. We did not detect H275Y,
I223R and N295S NA mutations in multiple samples tested. Phenotypic assay confirmed
that the viruses isolated from treated ferrets retained high susceptibility to oseltamivir,
consistent with the low incidence of oseltamivir resistance in samples isolated from patients,
including those in high-risk groups (WHO, 2009; Gubareva et al., 2010).

We did not detect D222G substitutions in HA which was associated with more severe
disease and altered receptor specificity and cell tropism of H1N1pdm viruses (Chen et al.,
2010; Liu et al., 2010). The A/CA/04/09 (H1N1) virus used in our study possessed a mixture
of amino acids at HA positions 155, 183 and 191. The G155E HA mutation has been shown
to increase growth rate in MDCK cells and eggs due to the negatively charged glutamic acid
(Chen et al., 2010). The L191I mutation in the glycan binding region is conserved in 2009
H1N1pdm and seasonal H1N1 viruses. Alignment of 100 HA sequences of H1N1pdm
available in GenBank revealed polymorphism of these three residues (results not shown),
and thus potential differences in replication efficiency and tissue tropism.

Recent reports suggest that NA inhibitors offer a benefit against 2009 H1N1pdm influenza
viruses (Kidd et al., 2009; Dominguez-Cherit et al., 2009; Jain et al., 2009; Yu et al., 2010).
They were shown to slow the transmission of H1N1pdm viruses when administered as
prophylaxis to contacts within households, schools, and workplaces (Anderson et al., 2009),
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and oseltamivir provided effective ring prophylaxis when given after exposure in military
camps (Lee et al., 2010). However, despite numerous epidemiological and clinical reports
on H1N1pdm, few have evaluated how oseltamivir treatment affects virus load and duration
of virus shedding (Charlier et al., 2009; Li et al., 2010). Therefore, our findings in a ferret
model further elucidate the antiviral activity of oseltamivir against 2009 H1N1pdm virus
infection and possible role in prevention of viral pneumonia. It leads to the main conclusion
of the study that specific anti-influenza therapy should be considered as an important part in
the management of severe cases of the disease if administered early enough in the clinical
course, in addition to other therapeutic interventions that can reduce clinical symptoms and
provide more rapid recovery.
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Fig. 1.
Pathogenicity of A/CA/04/09 (H1N1) influenza virus in the upper respiratory tract of
oseltamivir-treated and control ferrets. Oseltamivir (25 mg/kg/day twice daily for 5 days)
was administered orally to groups of 5 ferrets starting either 2 h or 24 h after inoculation
with 106 PFU of A/CA/04/09 (H1N1) influenza virus. Virus-inoculated control animals
received sterile PBS on the same schedule. Body temperature (A), percent weight change
(B), inflammatory cell counts (C), protein concentration (D), and virus titers (E) were
determined on the indicated days p.i. Horizontal lines indicate the mean inflammatory cell
counts (C) and protein concentrations (D) in the uninfected ferrets. All values are the mean
± S.E. * P<0.05 as compared to control value (unpaired two-tailed t-test).
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Fig. 2.
Effect of oseltamivir treatment on virus titers in the nasal turbinates, tracheas, and lungs of
ferrets inoculated with A/CA/04/09 (H1N1) influenza virus. Control animals (A) inoculated
with the same virus dose received sterile PBS on the same schedule. Oseltamivir (25 mg/kg/
day twice daily for 5 days) was administered orally beginning either 2 h (B) or 24 h (C) after
inoculation with 106 PFU of A/CA/04/09 (H1N1) influenza virus. Virus titers (log10PFU/
gram tissue) were determined in each of the 4 pulmonary lobes, nasal turbinates, and
tracheas of two ferrets per group on day 4 p.i. Each point represents the results from a single
ferret.
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Fig. 3.
Histologic changes in the nasal turbinates, tracheas, and lungs of oseltamivir-treated and
control ferrets inoculated with A/CA/04/09 (H1N1) influenza virus. Photomicrographs
shown are hematoxylin-and-eosin-stained sections of nasal turbinate (A, B, C), trachea (D,
E, F) and lung tissue (G, H, I). Ferrets were inoculated with 106 PFU of A/CA/04/09
(H1N1) influenza virus; oseltamivir (25 mg/kg/day twice daily for 5 days) or sterile PBS
was administered orally either 2 h or 24 h after inoculation. Tissue samples were obtained
on day 4 p.i. Sections were stained with hematoxylin and eosin. Lesions and inflammation
are apparent in nasal turbinate, trachea, and lung sections from control (untreated) ferrets,
with extensive epithelial necrosis and inflammatory cell infiltration of the bronchial
submucosal mucus glands and bronchioles (A, D, G). The inflammatory cell infiltrates
extend into the alveoli surrounding the bronchioles. Lesions and inflammation were minimal
to mild (B, E, H) or unremarkable to minimal (C, F, I) in nasal turbinate, trachea, and lung
sections from oseltamivir-treated ferrets. Magnification, ×20.
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Fig. 4.
Arterial blood oxygenation in oseltamivir-treated and control ferrets inoculated with A/CA/
04/09 (H1N1) influenza virus. Partial oxygen (pO2) (A) and carbon dioxide (pCO2) (B)
pressure in arterial blood was measured on days 0, 4, and 8 p.i. in oseltamivir-treated and
control ferrets inoculated with 106 PFU of A/CA/04/09 (H1N1) influenza virus. Ferrets were
given sterile PBS or 25 mg/kg/day of oseltamivir twice daily for 5 days, beginning either 2 h
or 24 h p.i.. Data points are the mean (mm Hg) ± S.D. from 3 ferrets.
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