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As inﬂuenza viruses continue to jump species barriers to cause human infection, assessments of disease
severity and viral replication kinetics in vivo provide crucial information for public health professionals.
The ferret model is a valuable resource for evaluating inﬂuenza virus pathogenicity; thus, understanding
the most effective techniques for sample collection and usage, as well as the full spectrum of attainable
data after experimental inoculation in this species, is paramount. This is especially true for scheduled
necropsy of virus-infected ferrets, a standard component in evaluation of inﬂuenza virus pathogenicity,
as necropsy ﬁndings can provide important information regarding disease severity and pathogenicity
that is not otherwise available from the live animal. In this review, we describe the range of inﬂuenza
viruses assessed in ferrets, the measures of experimental disease severity in this model, and
optimal sample collection during necropsy of virus-infected ferrets. Collectively, this information is
critical for assessing systemic involvement after inﬂuenza virus infection in mammals. (Am J Pathol
2020, 190: 11e24; https://doi.org/10.1016/j.ajpath.2019.09.017)

Ferrets are an indispensable model for the study of respiratory viruses in general and inﬂuenza viruses in particular.1,2 Although no small mammal model can fully emulate
human lung pathobiology, ferrets and humans possess
similarities in lung physiology and anatomic distribution of
sialylated glycan receptors throughout the respiratory tract,3
and the glycomic proﬁles of ferret respiratory tissue more
closely align with those of humans compared with other
available animal models, such as mice or swine.4,5 Human
and zoonotic inﬂuenza viruses exhibit similar patterns of
virus attachment in upper and lower respiratory tract tissues
of both humans and ferrets.6 Ferrets are, therefore, susceptible to infection with human and zoonotic inﬂuenza viruses,
without the need for prior host adaptation. Furthermore,
ferrets display many of the clinical signs seen in human
inﬂuenza viral infection, which are not seen in other small
mammal models, like mice and guinea pigs.7,8
Many public health and basic research activities pertaining
to inﬂuenza rely on data generated from ferrets. The evaluation of inﬂuenza virus pathogenicity and transmissibility in
Published by Elsevier Inc. on behalf of the American Society for Investigative Pathology.
https://doi.org/10.1016/j.ajpath.2019.09.017

the ferret is considered in risk assessment algorithms for
pandemic preparedness,9,10 in veriﬁcation of virulence
attenuation of candidate vaccine viruses,11 and as a preclinical model for investigating novel vaccine approaches and
antiviral treatments.12,13 Evaluation of these properties in
immunocompromised ferrets (after pregnancy, treatment
with immunosuppressive drugs, or other approaches) can
provide valuable information about differential disease
severity and transmission dynamics, emergence of drugresistant virus variants, and the efﬁcacy of vaccine and antiviral treatments in immunocompromised populations.14e17
More important, sequencing of the ferret genome has facilitated the development of species-speciﬁc reagents and tools

Supported by the Centers for Disease Control and Prevention.
The ﬁndings and conclusions in this report are those of the authors and
do not necessarily reﬂect the ofﬁcial position of the Centers for Disease
Control and Prevention/the Agency for Toxic Substances and Disease
Registry.
Disclosures: None declared.

Belser et al
to further improve the utility of this species in infectious
disease research.18
The study of inﬂuenza viruseinfected ferrets in laboratories worldwide clearly represents a valuable asset to the
ﬁeld. Evaluation of similar viruses in different laboratories
can greatly improve our understanding of virus pathogenicity, by identifying common features and better elucidating the contribution of virus strain, procedural, and
environmental confounders.19,20 Collectively, these confounders result in heterogeneity with regard to procedures
and practices established at all levels of research, from
individual investigators or institutions to broad countryspeciﬁc regulations. As most studies using the ferret
model use generally similar approaches to assess viral
burden, systemic spread, and disease severity after virus
challenge (as will be discussed in more detail below), we
herein provide practical sample collection and assessment
approaches for veterinary professionals and laboratorians
working with inﬂuenza viruseinfected ferrets. We describe
general differences in virulence among a wide range of
human and zoonotic inﬂuenza viruses evaluated in ferrets
and identify clinical signs most frequently monitored. Speciﬁcally, we provide an overview of samples collected
during necropsy and discuss different downstream,
laboratory-based applications using these samples. The
information is meant as a guide to inform and supplement
laboratory- and research-based decisions; deviation from
suggestions or typical protocols may be of beneﬁt,
depending on the particular questions addressed. Understanding which samples are most critical depending on the
type of inﬂuenza virus examined, the anticipated viral loads
in each tissue, and the intended post-necropsy sample analyses desired will enable researchers to optimize and reﬁne
experimental designs and glean the most information
possible from experimentation in this species.

Scope of Inﬂuenza Viruses Evaluated in Ferrets
The family Orthomyxoviridae contains multiple genera of
inﬂuenza viruses. Although inﬂuenza A viruses cause the
highest burden of disease in humans, inﬂuenza B viruses
(which circulate almost exclusively in humans) are also
associated with morbidity and mortality.21 Unlike inﬂuenza
A viruses, inﬂuenza B viruses have not been extensively
studied in ferrets, but have been reported to cause mild to
moderate disease.22 Although inﬂuenza C viruses have been
associated with human infection,23 and inﬂuenza D viruses
are associated with cattle and feral swine infection,24 neither
are frequently studied in mammalian models. Accordingly,
most of the information presented herein pertains to the
study of inﬂuenza A virus infection in ferrets.
Wild aquatic birds are the natural hosts of inﬂuenza A
viruses and are classiﬁed on the basis of their surface glycoproteins, hemagglutinin and neuraminidase. To date, 16
hemagglutinin and 9 neuraminidase subtypes have been
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identiﬁed in birds.25,26 Inﬂuenza A virus infections are
typically asymptomatic in birds, and they are termed low
pathogenic avian inﬂuenza (LPAI) viruses. However, the
high mutation rate of inﬂuenza viruses facilitates emergence
of highly pathogenic avian inﬂuenza (HPAI) viruses, which
can cause up to 100% mortality in both wild and gallinaceous (terrestrial) birds. More important, inﬂuenza A viruses
can cross species barriers to cause mammalian infections.
Over time, this phenomenon has led to established inﬂuenza
virus lineages in numerous mammalian species (including
humans, swine, and equids).27 As humans are immunologically naïve to most zoonotic inﬂuenza viruses, sporadic
infection with zoonotic viruses represents a persistent public
health threat. To improve pandemic preparedness, novel
inﬂuenza viruses associated with human infection are
frequently evaluated in the ferret model to assess their
relative pathogenicity and transmissibility, as are laboratoryderived recombinant and reassortant viruses.28,29 As
mammalian virulence is a polygenic trait, it is not possible
to fully predict the disease outcome of a particular strain
outside of a living host.
The intravenous pathogenicity index used to classify
avian inﬂuenza viruses as low or high virulence (LPAI or
HPAI, respectively) is assessed by lethality in chickens,30
and it represents an independent measurement from
mammalian pathogenicity. Some HPAI H5 and H7 subtype
viruses cause only mild illness in ferrets,20,31 whereas
selected LPAI viruses (eg, H7N9) are capable of moderate
to severe and fatal disease in mammals.32 Although HPAI
viruses are more often associated with enhanced virulence in
ferrets compared with LPAI viruses, intravenous pathogenicity index tests in chickens are not predictive of
mammalian virulence. Similarly, virulence determinations
in other small mammal models may not always be predictive of virulence in ferrets; viruses that cause moderate
disease in ferrets may cause lethality in mice at comparable
inoculum doses,33 whereas the guinea pig model does not
recapitulate the high virulence phenotype of H5N1 viruses
or the reconstructed 1918 H1N1 virus.34

Assessment of Inﬂuenza A Disease Severity in
Ferrets
After inﬂuenza virus infection, ferrets may exhibit clinical
signs, the scope and severity of which can vary greatly
depending on the virus strain, the inoculation dose and route,
and other factors.19 Measurements of morbidity (as measured
by weight loss) and fever (as measured by an increase in preinoculation body temperature) are collected daily and represent
the most frequently reported parameters. Ferrets inoculated
with most inﬂuenza viruses of low mammalian virulence,
including seasonal inﬂuenza viruses, most LPAI, and variant
H1 and H3 inﬂuenza viruses, exhibit transient fever and mildto-moderate weight loss (generally <15% of preinoculation
weight) (Table 1). In contrast, inﬂuenza viruses that exhibit
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high virulence in this species (eg, select HPAI H5N1 viruses)
can cause severe, systemic disease, including sustained high
fever (40 C) and moderate-to-severe weight loss (>15% of
preinoculation weight). Lethargy or activity level may be
captured quantitatively with specialized equipment and software or via the use of standardized assessment scales by an
observer.7 Development of additional clinical signs, including
neurologic complications, is possible in ferrets infected with
highly virulent viruses (Table 1). Additional parameters that
align with features of human infection may also be documented, but they are not uniformly present after infection with
all viruses and, as such, vary in their frequency of monitoring
and reporting in the literature. Many parameters are commonly
associated only with highly virulent viruses (Table 1).
Serial specimen collection from inoculated ferrets is
critical for characterizing viral replication and shedding

Table 1

kinetics over time. Study designs typically include daily
clinical assessment of ferrets, with sample collection typically under anesthesia during a 1- to 2-week period, and/or
euthanasia at a predetermined time point (generally day 3
after inoculation or when peak virus replication is believed
to occur, depending on the speciﬁc experimental design).
Nasal washes or nose/throat swabs, typically collected every
24 to 48 hours from anesthetized ferrets, provide a reliable
indicator of virus replication in the upper respiratory tract, as
positive viral culture of these specimens has been associated
with the infectious period in ferrets.35 Nasal wash or swab
specimens can also provide additional information about the
inﬂammatory response in the upper respiratory tract, such as
relative production of cytokines and chemokines and
quantiﬁcation of lymphocyte populations.36,37 Collection of
swab specimens from extrapulmonary sites, such as rectal or

Detection and Reporting of Clinical Signs of Inﬂuenza Virus Infection in Ferrets

Clinical sign

Collection of data

Reporting of data


LV: low and transient increase early
after infection (eg, days 1e3 p.i.)
HV: elevated and sustained several
days
LV: mild to moderate weight loss
(typically <15%)
HV: moderate to severe weight loss
(up to 25%)
LV: none to mild lethargy during
acute phase
HV: sustained reduced activity

Fever

Daily via s.c. transponder,
telemetry, or rectal thermometer

Weight lossy

Daily

Lethargyy

Daily visual assessment, video
capture, telemetry, or objective
measurement (eg, treadmill)

Nasal discharge/
rhinorrhea
Diarrhea

Direct observation
Direct observation of perianal area
or in bedding

Absence/presence

Ocular discharge/
complications

Direct observation of discharge or
squinting

Absence/presence

Sneezing

Direct observation, video capture, or
telemetry

Absence/presence

Anorexia/inappetence

Monitored food intake concurrent
with weight loss
Direct observation, video capture, or
telemetry
Direct observation

Absence/presence

LV and HV: possible indicator of
secondary bacterial infection
More frequently with HV or 2009
H1N1 pandemic virus, possible
indicator of virus replication in
gastrointestinal tissue
Both LV and HV: possible indicator
of secondary bacterial infection or
virus replication in ocular tissue
More frequently detected among
viruses with increased
transmissibility between ferrets
More frequently associated with HV

Absence/presence

More frequently associated with HV

Absence/presence

More frequently associated with HV,
where weight loss is concurrently
detected
More frequently associated with HV,
possible indicator of virus
replication in brain tissue

Dyspnea
Alopecia
Neurologic signsy

Torticollis, hind-limb weakness/
paralysis, extreme deviation from
preinoculation disposition and/or
aggression levels

Increase in C above preinoculation
baseline, reported as peak
increase or graph of daily
observations
Percentage of weight reduction from
preinoculation body weight,
reported as peak weight loss or
graph of daily observations
Relative inactivity index,
quantification of videography
movement, other scoring
assessments
Absence/presence

Anticipated detection*

Absence/presence

*References supporting this information are found in the text.
y
These parameters are frequently used in criteria for humane euthanasia because of development of severe disease.
LV, viruses possessing low virulence in the ferret model; HV, viruses possessing high virulence in the ferret model; p.i., after infection.
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ocular tissue, can further contribute toward understanding
viral replication kinetics and tissue tropism in the ferret.36,38
Most inﬂuenza viruses exhibiting low mammalian virulence
lead to viral replication restricted to the respiratory tract,
whereas high virulence inﬂuenza viruses can be detected in
extrapulmonary tissues, including the brain (Table 1).
Blood collection, typically from the cranial vena
cava,39,40 may be useful in evaluating lymphohematopoietic
parameters, tracking migration of peripheral leukocytes, and
analyzing host gene expression after inﬂuenza virus infection, among other applications.41e44 Although viremia is not
commonly detected, infectious virus in peripheral blood has
been reported after inoculation with select viruses exhibiting
high virulence.45 Different downstream analyses using
blood may require anticoagulants or other treatments,
necessitating collection of multiple distinct vials. Ferret
blood volume is approximately 5% of total body weight,
and collected volumes (typically 0.5 to 5 mL) should not
exceed 10% of total blood volume during one collection or
20% over a 2-week period.39 Blood may be collected concurrent with other samples during the acute phase of
infection while the ferret is sedated; larger volumes are
collected via cardiac puncture as a terminal procedure during exsanguination of the ferret immediately before
necropsy.

Necropsy

and facilitate macroscopic inspection of internal organs
during the necropsy. On the basis of American Veterinary
Medical Association and institutional guidelines for euthanasia,69 chemical euthanasia solutions may be administered
via multiple routes, including cardiac puncture or intravenously (eg, cranial vena cava). Conﬁrmation of euthanasia
(ie, cessation of breathing and heartbeat) must occur before
necropsy procedures begin.
It is important to consider the order of tissue collection
before conducting the necropsy to prevent cross contamination between tissues of low versus high viral loads. For
example, evaluation and collection of tissues from the
abdominal cavity should occur before manipulation of respiratory tract tissues, where viral loads are anticipated to be
higher. Sample preservation appropriate for desired downstream applications is a critical component of every necropsy.
Tissues collected for titration of infectious virus should be
placed on dry ice immediately to retain viral titers. Tissues
collected for histopathologic assessment should be no more
than 1 cm in thickness in one plane for proper ﬁxation; 10%
neutral-buffered formalin is the most common ﬁxative used
for tissue preservation, with the duration of ﬁxation not to
exceed 72 hours to preserve tissue quality for immunohistochemistry. In addition, placement of samples in other
appropriate buffers to retain nucleic acid integrity or applications may be required. All buffers and reagents should be
prepared and on hand before the necropsy.

General Notes

Tissue Collection and Use by Organ

Necropsy after inﬂuenza virus infection can provide a
thorough assessment of the scope and severity of pathology
and viral load distribution, which can vary greatly depending on the virus strain or subtype.46 Necropsy of animals
that reach humane end points before study termination
(Table 1) provides a greater understanding of disease in
severely ill animals. Below, we provide a practical guide to
necropsying inﬂuenza viruseinfected ferrets and describe
the utility and application of samples collected for research
activities (Table 2).47e66
Safety considerations are of paramount importance during
all stages of research with inﬂuenza viruseinfected ferrets.
In addition to all institutional animal care and use approvals,
respiratory and eye protection should always be a requirement.67,68 The use of sharps and chemicals requires training
on proper handling and disposal procedures. Manipulation
of unsedated ferrets should include the use of leather
handling gloves or other protective barriers. Incising thick
tissues, such as the skin, and accessing the brain through the
bony calvarium (skull) can be challenging and may pose
increased risk of injury, especially when compared with
other models, such as the mouse or guinea pig, and may
warrant incorporating cut-resistant gloves for added
protection.
Exsanguination of ferrets immediately before euthanasia
can both permit the collection of large quantities of blood

We describe the most frequently examined and sampled
tissues in the ferret after inﬂuenza virus infection and
discuss the myriad information they can provide. Viral
quantiﬁcation (by titration of samples for infectious virus
or viral RNA), assessment of inﬂammation and localization of viral antigen (via histopathology and immunohistochemical assays), and determination of host immune
responses (including expression of cytokines and chemokines) represent the most frequently used assays for these
samples. Refer to Table 2 throughout this section for
additional information. The order of collection, from tissues with the lowest anticipated viral load to the highest,
concurrent with decontamination of necropsy instruments
with 70% ethanol between each sample, is critical to
minimize the likelihood of cross contamination. The tissue
collection order and method presented below represents
one approach when collecting samples primarily for
determination of infectious viral load; deviation from this
order may be warranted, depending on the speciﬁc
experimental design.
Initially, a ventral midline skin incision extending from
the intermandibular space to pubis is made, with reﬂection
of the skin on both sides. A T-shaped incision below the
diaphragm through the abdominal musculature (being
careful not to puncture the abdominal viscera) exposes the
abdominal cavity.
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Table 2

Common Tissues and Samples Collected in Suggested Order during Necropsy of Inﬂuenza ViruseInfected Ferrets

Tissue/sample

Method of collection*

Scope of virus detectiony

Additional applications

References

Blood

Exsanguination
preeuthanasia with or
without anticoagulants

Typically only among HV
viruses

41e45

Spleen

2e3 small pieces, pooled

Typically only among HV
viruses

Intestine

Pieces from duodenum,
jejunoileum, and
descending colon, typically
pooled
Small piece from both left
and right kidneys, pooled
Small pieces from multiple
lobes, pooled
Segment of trachea (1e2
cm), or multiple segments
from cranial and caudal
regions, pooled or not
Sterile liquid flushed through
trachea and lung tissue and
collected

Low titersk sporadically
detected with human
viruses, some higher with
avian viruses
Typically only among HV
viruses
Typically only among HV
viruses
Most human and zoonotic
influenza viruses

Differential cell counts,
serum panels, gene
expression analysis,
analysis of peripheral blood
leukocytes
C/Cz, H&Ex, IHC{, analysis of
tissue leukocytes, ex vivo
splenocyte stimulation
C/Cz, H&Ex, IHC{

C/Cz

48,52

C/Cz, H&Ex, IHC{

45,48,51,52

C/Cz, H&Ex, IHC{, ex vivo cell
culture, deep sequencing

52e57

49,58e60

Small pieces from each lobe,
may be pooled for a
representative lung sample
or kept separate
Entire tissue, pooled left and
right

Most zoonotic influenza
viruses, some human
viruses

Differential cell counts,
analysis of leukocyte
populations, antibody
responses
C/Cz, H&Ex, IHC{, deep
sequencing, live imaging
C/Cz, H&Ex, IHC{

38,53

C/Cz, H&Ex, IHC{

38,53,63

C/Cz, H&Ex, IHC{

45,48,51,52,57,64

C/Cz, H&Ex, IHC{

45,47,48,51,52,57

C/Cz, H&Ex, IHC{, ex vivo cell
culture, deep sequencing

45,47,48,56,61,65,66

Kidney
Liver
Trachea

BALF

Lung

Eye

Conjunctiva

Entire tissue, pooled left and
right

Brain (cerebrum)

Small piece from both rostral
and caudal regions of the
brain, pooled or not

Brain
(olfactory bulb)

Entire tissue, left and right
bulbs may be pooled or not

Nasal turbinates

Mechanical disruption of
tissue with forceps;
removal and collection of
entire accessible tissue

Most human and zoonotic
influenza viruses

Low titers sporadically
detected with both human
and zoonotic viruses
Low titers sporadically
detected with both human
and zoonotic viruses
Sporadic and low titers
possible among zoonotic
viruses, higher titers
present with HV viruses
Lower titers among most
zoonotic viruses, some
seasonal viruses; higher
titers among HPAI
Most human and zoonotic
viruses, with few
exceptions

45,47e51

45,47,48

45,47,48,56,61,62

*Method of collection describes use for viral titration. Remainder or representative sections of each tissue may be placed in formalin after sample collection
if desired.
y
Infectious viral titers are typically reported per gram of tissue, with the exception of blood, BALF, eye, conjunctiva, and nasal turbinates, which are
frequently reported per mL of sample.
z
C/C, as typically determined by RT-PCR because of a lack of ferret-speciﬁc commercially available kits to measure secreted protein by enzyme-linked
immunosorbent assay or other methods.
x
Histopathologic evaluation after H&E staining.
{
IHC, inclusive of detection of viral antigen (typically NP) and other assays.
k
Low titers, generally 103 infectious units.
BALF, bronchoalveolar lavage ﬂuid; C/C, cytokine and chemokine production; H&E, hematoxylin-eosin; HPAI, highly pathogenic avian inﬂuenza; HV, viruses
that possess high virulence in the ferret model; IHC, immunohistochemistry; NP, nucleoprotein.
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Spleen
The ferret spleen is a crescent-shaped, brown to maroon organ
located in the left cranial quadrant of the abdomen, caudal to
the liver and along the greater curvature of the stomach,
attached by the gastrosplenic ligament (Figure 1A). Remove
the spleen by severing the gastrosplenic ligament, collect
small pieces from different regions, and pool for virus titration. Additional segments of the spleen may be homogenized
to purify splenocytes; specimens can also be collected in
formalin for histology.50
Viruses exhibiting high virulence in ferrets are frequently
recovered from the spleen.45,52 Virus-speciﬁc changes are not
commonly noted in the spleen, but splenomegaly or increased
cellularity from splenic suspensions has been noted after
inﬂuenza virus infection.49 Viral antigen detection and signiﬁcant cytokine and chemokine responses have been reported
in the spleen after infection with highly virulent inﬂuenza viruses.48 Given the importance of the spleen in both humoral
and cell-mediated immune responses, isolated splenocytes
from virus-infected ferrets can be used to assess cellular immune responses either immediately or for subsequent

stimulation ex vivo to evaluate cross-reactive immune
responses.49,50
Kidneys
The kidneys are retroperitoneal in the sublumbar region of
the abdominal cavity on either side of the vertebral column,
dorsally apposed to the subaxial muscles and ventrally
enveloped by a thin, variably fatty peritoneum (Figure 1A).
Small pieces are cut from each kidney and pooled for virus
titration. Similar to the spleen, infectious virus and modulation of proinﬂammatory cytokines and chemokines are
typically only detected in the kidneys after inoculation with
highly virulent strains of inﬂuenza virus.48,52 Speciﬁc virusrelated gross pathology is not generally observed. Despite
the sporadic nature of inﬂuenza virus detection in kidney
tissue, gross and histopathologic examination of kidneys
can be conducted to evaluate for other underlying renal
disease that can contribute to disease progression. Furthermore, this information may be useful in interpreting clinical
blood chemistry panels that include indicators of kidney
function.43 Adrenal glands located at the craniomedial poles

Figure 1

A: Abdominal organs in the ferret. Left
panel: Visible organs on ﬁrst entering the abdominal
cavity include the liver, gastrointestinal (GI) tract, spleen,
and urinary bladder. The pancreas lies closely adjacent to
the pylorus and may not be readily visible without further
handling of the GI tract. Right panel: With the GI tract
moved to the side or lifted en bloc, the kidneys are found
within the retroperitoneal space, along the dorsum, often
embedded in adipose tissue. Differentiation of the intestinal segments may require removal of the GI tract en bloc,
followed by separation of the loops for dissection and
identiﬁcation. The urinary bladder lies ventral to the
rectum. B: Neck (cervical) and thoracic organs in the
ferret. Left panel: Ventral midline incision through the
soft tissues of the neck reveals the larynx, esophagus, and
trachea (as well as thyroid gland and major vessels, not
shown). The esophagus lies immediately dorsal to the
trachea cranially and shifts toward the left as it courses
caudally. The larynx is located at the cranial most end of
the trachea. The caudal trachea bifurcates at the hilus of
the lung, forming the mainstem bronchi as they enter the
lungs. Removal of the ventral aspect of the ribcage reveals
the lungs and heart. Right panel: The lungs in the ferret
are composed of the cranial and caudal lobes on the left
and cranial, middle, accessory, and caudal lobes on the
right. Also shown are cut surfaces of the left lung lobes,
revealing the spongy parenchyma and branching bronchi
and vasculature. The tracheobronchial lymph nodes (not
shown) are located at the hilus.
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of the kidneys may also be sampled; viral titers have been
reported in this tissue.70
Intestine and Pancreas
Inﬂuenza virus may be sporadically detected in gastrointestinal samples (either in tissue specimens or rectal swabs), so
intestinal tissue is routinely collected. The ferret alimentary
tract consists of the esophagus, a simple monogastric stomach, the small intestines (including duodenum), jejunoileum,
and the large intestines (Figure 1A). Small pieces of tissue
that are free of digestive matter from the duodenum, jejunoileum, and descending colon (proximal to the rectum) are
most frequently sampled; tissues may be pooled for a representative intestinal sample or tested individually.71,72 Avoid
scraping the mucosa when removing digesta to prevent loss of
tissue during collection; alternatively, rinsing the specimen
with sterile saline can be used to remove digesta. Noting the
presence or absence of food in the stomach can inform assessments of anorexia and weight loss after infection,
although stomach tissue is not frequently collected.
Selected viruses that have been associated with gastrointestinal distress and vomiting in humans have been
recovered at higher rates from intestinal tissue of infected
ferrets72; however, gross pathology (observation of necrotic
tissue, hematomas, or hemorrhages in tissue or mesentery) is
typically only present in animals infected with viruses
exhibiting high virulence in ferrets. Histopathologic and
immunohistochemical examination is more commonly performed on tissue from the jejunoileum, but necrosis and
viral antigen have been reported in both small and large
intestinal tissue from virus-infected ferrets.71,73,74 Virus has
also been detected in the mesenteric lymph nodes after both
intranasal and intragastric virus inoculation; changes in
leukocyte subsets have been reported in this tissue.49,73
Although the esophagus is not frequently collected, standard intranasal inoculation may lead to deposition of inﬂuenza virus in the esophagus because of swallowing of
inoculum, and infectious virus has been detected in this
tissue.75,76
The pancreas is an elongated, pale tan, glandular organ,
with the body of the pancreas located closely adjacent to the
pylorus and extension of the left and right limbs toward the
stomach and duodenum, respectively (Figure 1B). Although
not routinely sampled, necrosis of the pancreatic duct
epithelium with concurrent detection of viral antigen has
been reported after infection with highly virulent H5N1
viruses, with changes in viral titers and cytokine
expression.51,52,57,71
Liver and Gallbladder
The ferret liver, located caudal to the diaphragm and cranial to
the stomach (Figure 1A), consists of six lobes (left and right
lateral, left and right medial, quadrate, and caudate) and is
uniformly dark red in appearance. Discoloration or petechiation in one or multiple lobes may be observed. Small
pieces of liver are collected from multiple lobes and pooled as
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a representative sample for titration. If necessary, entire lobes
may be removed if pathology is observed, by loaﬁng and
placing sections in ﬁxative for subsequent histopathologic
analysis, which may be useful in interpreting clinical blood
chemistry panels that include indicators of liver function.77
Viral titers in the liver are generally low among highly virulent inﬂuenza viruses45,78 and may or may not be associated
with viremia, but have been reported after multiple inoculation routes.71,73 Viral antigen has been detected in hepatocytes, and altered cytokine expression has been reported in
liver samples from inﬂuenza viruseinfected ferrets.48,52,57
The gallbladder is a single-lobed, brownish green sac
located between the quadrate and right medial lobes of the
liver. The bile duct opens into the lumen of the duodenum
via a major duodenal papilla, along with the pancreatic duct.
Although not commonly sampled after inﬂuenza virus
infection, bile duct necrosis and detection of viral antigen in
bile duct epithelia have been reported after infection with
virulent inﬂuenza viruses.71 Visual examination for lesions
at necropsy is prudent, as ferrets exhibiting severe disease
may possess discolored and/or distended gallbladders in
conjunction with severe, multiorgan involvement. Testing
the patency of the common bile duct is performed by
manually expressing the gallbladder and monitoring excretion into the duodenal lumen, but care must be taken not to
allow bile, which is highly caustic, to contaminate other
tissues that have not yet been sampled.
Trachea
Collection and titration of tracheal tissue may provide useful
information regarding the scope of virus replication
throughout the ferret respiratory tract, especially when
interpreting viral load in nasal wash specimens, which can
be inclusive of virus released from multiple sites beyond the
nasal passage.19 Tracheal samples collected just distal to the
larynx (cranial region) may possess differential distributions
of sialic acid moieties and levels of infectious virus
compared with samples collected proximal to the mainstem
bronchi (caudal region).3,19 As such, uniformity in collection method between animals within a group, or between
different groups in a study, is essential.
Removal of the ribcage by transecting the ribs at the
costochondral junctions bilaterally and cutting away the
pleural attachments will reveal the thoracic cavity
(Figure 1B). The trachea may be sampled before or after
removal of the lower respiratory tract en bloc by bisecting at
the mid to distal trachea; care should be taken to avoid cross
contamination of this tissue. Pieces of the trachea (1 to 2
cm) are collected using scissors for virus titration, and may
be pooled or kept separate. Avoid the esophagus during
manipulation of the trachea, and remove visible connective
tissue attached to the surface of the trachea (Figure 1B).
Alternatively, the trachea may be removed as part of the
pluck. The pluck consists of the tongue, tonsils, larynx,
thyroids, trachea, lungs, and heart removed en bloc; with the
ribcage removed, this is achieved via a ventral approach
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through the mandible to dissect out the tongue and subsequent detachment of the entire tongue-to-lung segment as
one unit, bearing in mind that hyoid bones may need to be
transected with rongeurs to release the tissue cranially.
It is beneﬁcial to leave a short section of the trachea
attached to the bronchi to facilitate orientation of this tissue
for histopathologic purposes and for intra-alveolar perfusion
of lung tissue with formalin once all samples from respiratory tissues have been collected. Histologically, mild to
moderate tracheitis has been reported.79 Formalin-ﬁxed
tracheal tissue can also be used for subsequent immunohistochemistry applications.52 Elevated levels of proinﬂammatory cytokines and chemokines have been reported
in tracheal tissue after in vivo ferret infection or after ex vivo
infection of differentiated ferret primary tracheal epithelial
cells.53,54 Infectious virus has also been recovered from
tracheobronchial lymph nodes,73 which can be found adjacent to the trachea and near its bifurcation into the mainstem
bronchi.
Heart
Viral titers have been infrequently reported in the heart for
select H7N9 and H5N1 viruses, also associated with
viremia. Immunohistochemical assays of heart tissue have
been negative, with the exception of rare reports of viral
antigen detection.47,57,78,79 One to two small pieces of
myocardium are typically sufﬁcient for virus titration. Avoid
cross contamination of this tissue with neighboring lung
tissue, which may contain higher viral loads (Figure 1B).
Proinﬂammatory cytokines and chemokines have been
reported in heart tissue infected by inﬂuenza viruses; gross
pathology is not typically observed in the ferret heart.48,52
Bronchoalveolar Lavage Fluid
Just as collection and titration of nasal wash specimens may
inform and support data collected from other upper respiratory tract tissues sampled during necropsy, collection and
titration of wash specimens from the lower respiratory tract
may be similarly beneﬁcial. Bronchoalveolar lavage ﬂuid
may be collected longitudinally from anesthetized ferrets, by
using an endotracheal tube to retrieve aspirate,60 but is most
commonly collected postmortem by ﬂushing the trachea and
lungs with sterile ﬂuid and collecting the aspirate.58 Bronchoalveolar lavage ﬂuid may be titered for the presence of
infectious virus and is often concurrently evaluated to
measure cellular immune responses or tested for the presence of antibodies by enzyme-linked immunosorbent
assay.49,58e60 Ferret alveolar macrophages, collected by this
method and cultured ex vivo, have been shown to support
inﬂuenza virus replication, as indicated by detection of
infectious virus by titration and viral antigen via immunoﬂuorescence staining.80
Lung
The ferret lung consists of six lobes: left cranial and caudal,
right cranial, middle, and caudal, and accessory (Figure 1B).
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Ferret lungs are generally uniformly pale pink and spongy,
and variations in color and consistency are not uncommon
in uninfected lungs. Collection of small pieces from each
lobe (1 g in total) are pooled for titration or other downstream applications. Lung specimens may also be sampled
and analyzed separately to investigate localization of virus.
The lungs can then be ﬁxed for histochemical evaluation by
perfusing formalin into the lungs so the retention of
expanded alveoli is achieved. A 1-mL syringe may be used
to deliver formalin to the lungs via the trachea or large
bronchi. Considering the importance of studying lung tissue
and function during inﬂuenza virus infection, there are a
large range of downstream applications and analyses
frequently performed on this tissue.
Like the trachea, uniformity in collection of lung samples
among groups is essential, as viral loads may differ between
lobes of the lung, as well as spatially within each lobe.19 For
example, collection of samples at the perihilar regions of the
lung may yield more reproducible and detectable viral titers
than samples collected toward the periphery of each lobe.
Infectious virus titers and viral antigen have been shown to
vary between the bronchus, bronchioles, and alveoli,
depending on the virus inoculum and the day postinfection
sampling occurred.81 Similarly, induction of proinﬂammatory cytokines and chemokines after infection may
vary between different compartments of the ferret lung,82
necessitating uniformity in collection and reporting of the
samples being examined. Live imaging of neutrophil levels
in the ferret lung after inﬂuenza virus infection further
supports regional differences in cellular inﬁltration, both
globally and locally within this tissue at different time points
after inoculation.62 The use of next-generation sequencing
has improved our understanding of the variance in subsets
of viral populations throughout the ferret respiratory tract,
highlighting the contribution of virus replication at different
anatomic sites toward virus pathogenicity and transmissibility in this model.56,83
Gross lesions are frequently observed in lung tissue during
acute inﬂuenza virus infection and warrant careful evaluation.
However, an in-depth review of the lesions seen with inﬂuenza viruses in the ferret model is outside the scope of this
review. Generally, gross pathology can vary from mild suspected pulmonary consolidation (10% of the lung) with
viruses of low virulence to multifocal or diffuse consolidation
and/or discoloration often associated with highly pathogenic
viruses. The spectrum of histopathologic lesions of inﬂuenza
viruses in the ferret is highly dependent on the virus strain. In
general, both low- and high-virulence inﬂuenza A viruses
infect the airway epithelium from the nasal passages to the
bronchioles. Such lesions include necrotizing rhinitis, with or
without tracheitis, bronchitis, and bronchiolitis. Highly
virulent inﬂuenza A viruses typically exhibit injury of airway
epithelium that, dependent on the virus strain, can extend into
the alveolar septae/interstitium and/or extrapulmonary tissues. For example, neutrophilic and mononuclear inﬂammation can be observed surrounding bronchioles and spreading
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into the alveolar interstitium and spaces, accompanied by
intra-alveolar edema and hemorrhage.46,71,72,79,84
The draining lymph nodes (hilar and mediastinal lymph
nodes) may be difﬁcult to locate in uninfected ferrets but
can be informative when assessing inﬂammatory responses
during the acute phase of infection. Titration and immunohistochemistry have identiﬁed the presence of inﬂuenza
virus in the ferret hilar lymph nodes,85 and leukocyte populations have been analyzed in mediastinal lymph nodes.49
Eye and Conjunctiva
Inﬂuenza viruses are a principal respiratory pathogen in
humans; ocular tissue represents both a potential site of
inﬂuenza virus replication and a potential anatomic conduit
to establish a productive respiratory infection in mammals.86
Ferrets have been identiﬁed as a suitable experimental
model for research pertaining to the ocular system,87e89 and
infectious virus has been recovered from eye swabs and
washes in ferrets.38 Conjunctival tissue from the ferret may

be obtained by using a scalpel to remove the tissue surrounding the opening of each eye (approximately 1-cm
radius from the eyelid). The globe (eyeball) may be
removed by proptosing it from the orbit and using scissors
to transect the optic nerve and surrounding retrobulbar soft
tissues (Figure 2). Conjunctival and eye tissue may be
differentiated as right or left or pooled for collective
conjunctival and eye samples.
Eyes and conjunctival tissue are infrequently sampled
during necropsy of inﬂuenza viruseinfected ferrets, but
inﬂuenza viral antigen has been reported in the eyes and
conjunctival tissue after ocular inoculation, and respiratory
or ocular exposures to inﬂuenza virus.38,90 Ferrets do not
routinely develop conjunctivitis after either intranasal or
ocular inoculation with inﬂuenza virus.63 Proinﬂammatory
cytokines and chemokines have been detected during the
acute phase of infection in these samples.53 To facilitate
complete ﬁxation of the relatively large globe, injection of
formalin into the vitreous chamber through the sclera at the

Figure 2 Tissues collected from the head include the conjunctiva and eye, soft palate, nasal turbinates, and brain. The method of brain removal shown is
via a large opening along one side of the skull to allow lateral extraction of the entire brain. A sagittal section through the muzzle is shown to indicate the
location of the nasal turbinates, which can be dislodged and removed using forceps via the nasal cavity. The conjunctiva is excised using a scalpel, and the eye
is removed by proptosing the globe, detaching the associated connective tissue and muscle, and transecting the optic nerve. The soft palate is located deep in
the back of the mouth and may require removal of the mandible for easier access.

The American Journal of Pathology

-

ajp.amjpathol.org

19

Belser et al
limbus may be performed to help preserve the delicate
ocular anatomy and inactivate any virus that may be present.
Brain and Central Nervous System
Although inﬂuenza viruses are not typically neurotropic,
inﬂuenza viruses exhibiting high virulence in ferrets may
spread to the central nervous system via the olfactory and
cranial nerve pathways, as well as via the inner ear and
vestibulocochlear nerve.51,64,91 Depending on the scope of
the study, various methods for exposure of the brain may be
required. Traditionally, removal of the entire calvarium
using rongeurs can allow the whole brain to be obtained
intact for subsequent sampling of speciﬁc areas of interest.
Alternatively, removal of half of the skull using rongeurs
can allow for lateral extraction of the brain, starting at the
orbit to generate the opening (Figure 2). Brain tissue should
be handled and sampled in a caudal to rostral direction as
higher titers of virus are found in the more rostral regions of
the brain, but the caudal and rostral cerebrum may be pooled
if this is not a concern.92 The olfactory bulbs, located rostral
to the cerebrum, can be removed from the calvarium while
still attached to the cerebrum or separately. Infectious virus
may be detected in olfactory bulb tissue in the absence of
virus detection in the cerebrum; this is often attributed to the
close proximity of olfactory bulbs to the nasal passages,
where the highest viral load is typically detected in an
infected ferret. Therefore, olfactory bulbs should be
manipulated last as this region of the brain typically holds
the greatest amount of virus from this organ.
Viral titers and viral antigen have been occasionally reported
in the ferret cerebellum, brainstem, spinal cord, and cerebrospinal ﬂuid after infection with highly virulent viruses,
concurrent with histologic evidence of inﬂammation within
these sites.57,66,70 Detection of viral antigen has also been
reported, albeit sporadically, in meningeal cells surrounding
the cerebrum, cerebellum, and spinal cord, ependymal cells
lining the ventricles, and astrocytes.51,70,91 Inﬂammation seen
by histopathology is not uncommon after ferret inoculation
with highly virulent viruses.45 Like the cerebrum, cytokine and
chemokines can be measured in this tissue.48,52 Remaining
tissue is formalin ﬁxed for histopathologic analysis and
immunohistochemical staining.57,64
Nasal Turbinates and Nasopharynx
Nasal turbinates can be accessed by using a scalpel to excise
the nose and an approximately 1-cm segment of the muzzle,
revealing a cross-section of the nasal cavity with the right
and left chambers bisected by the nasal septum (Figure 2).
Forceps are then used to dislodge and forcibly extract
fragments of nasal turbinate tissue from both chambers.
Because of the small total sample collected, nasal turbinates
are collected in their entirety for subsequent processing, or
the sample can be split to preserve tissue for concurrent
immunohistochemistry assays.57 Alternatively, removal of
the overlying nasal bones can be performed using rongeurs
to expose the entire nasal canal up to the ethmoid turbinates,
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allowing more precise anatomic localization for tissue
sampling. Histopathologic and/or immunohistochemical
examination of the entire nasal turbinate tissue can also be
performed by ﬁxation of the intact calvarium, after decalciﬁcation and serial sectioning through the entire nasal
region.
Nasal turbinates typically contain high viral loads in ferrets
infected with inﬂuenza virus, and, like the trachea, they provide important supporting information to interpret titers from
nasal wash or swab specimens. Ex vivo infection of differentiated ferret nasal turbinate epithelial cells further supports the
capacity for high titer virus replication in this tissue.66,93
Expression of proinﬂammatory cytokines and chemokines
may be measured in homogenized samples of this tissue.61
Furthermore, deep sequencing of viral quasispecies has been
performed in this sample,56 which can provide critical information when examining the emergence of viruses bearing
mutations that facilitate mammalian adaptation.94
The soft palate, located on the caudoventral aspect of the
nasopharynx (Figure 2), bears permissive receptors for
inﬂuenza virus and has been recently identiﬁed as an important tissue for host adaptation of inﬂuenza virus.4,56 Visualization of the ventral aspect of the upper palate can be achieved
by removal of the soft tissues between the mandibular rami,
including the tongue, or via dislocation of the entire mandible
at the temporomandibular joints. A scalpel or scissors can
then be used to excise the soft tissue caudal to the hard palate.
Soft palate tissue may support replication of high levels of
virus; furthermore, inﬂammation of the soft palate after
inﬂuenza virus infection can be observed by histopathology
and immunohistochemistry.56,95 The tonsils are not routinely
sampled, but have been reported to exhibit changes in immunostaining patterns after inﬂuenza virus infection.70,73
This tissue can be obtained at the time of soft palate excision. Leukocyte populations have been occasionally assessed
after infection in medial retropharyngeal lymph nodes.49

Additional Considerations
The procedures described herein apply primarily to scheduled necropsies conducted during the acute phase of infection. Necropsies performed later in infection (eg, concurrent
with a ferret reaching humane end points and euthanized
because of development of severe illness) may present with
differing viral replication kinetics than those performed
early during infection, as viral loads in speciﬁc tissues may
peak at different times after inoculation. Similarly, histopathologic ﬁndings and densities of immune cell populations may differ greatly between necropsies of ferrets
conducted during acute or convalescent phases of infection.
Many of the downstream applications described in Table 2
require complete virus inactivation before subsequent sample manipulation; validation of these inactivation procedures
represents a necessary safety measure.
Necropsies should be conducted immediately after euthanasia when possible, as autolysis can drastically affect virus
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titers and hinder histopathologic examination. When unavoidable, refrigeration can help reduce the severity of
autolysis and preserve cellular quality and tissue architecture.
Freezing of the carcass is discouraged because of introduction
of freeze artifacts that can affect interpretation of any gross
ﬁndings and distort histology. It is important to consistently
perform a comprehensive necropsy of each animal to evaluate
for evidence of other concurrent disease(s) that may confound
results related to inﬂuenza studies. Some common ﬁndings in
the ferret include, but are not limited to, adrenal neoplasms,
lymphoma, extramedullary hematopoiesis in the spleen,
splenic lymphoma, insulinoma, and Helicobacter gastritis.40

Summary
Given the importance of both kinetic and static assessments
of viral load, experimentation with inﬂuenza viruseinfected
ferrets typically includes a group of animals followed
throughout the acute phase of infection and a group of animals scheduled for necropsy at a time point during the
acute phase of infection. Each experimental approach permits the collection of valuable data that, as a whole, can
provide complementary insights into inﬂuenza virus pathogenicity. The diversity of post-collection applications and
analyses available in the laboratory offers a potential wealth
of information to improve our understanding of inﬂuenza
virus virulence and pathogenesis; it is incumbent on researchers to gain as much knowledge and address as many
outstanding questions as possible when working in vivo to
minimize the need for repeated experimentation that would
result in the use of additional animals. By presenting the full
scope of parameters examined from each major tissue and
organ system after inﬂuenza virus infection in ferrets, laboratory and veterinary staff can make the most informed
decisions for a comprehensive study of these animals in this
setting.
Study of inﬂuenza viruseinfected ferrets represents an
invaluable resource in understanding the virulence of inﬂuenza viruses in mammals, but data from these experiments are
only one of many laboratory assessments that contribute to
our understanding of mammalian pathogenicity. In parallel
with other studies of virus, host, and environmental properties, results from the ferret model can guide public health
decision-making practices9,10 and advance our understanding
of the properties that contribute to inﬂuenza virus mammalian
virulence, tropism, and transmissibility. Fully appreciating
the current scope of information gained by the study of
inﬂuenza viruseinfected ferrets will better enable both veterinary staff and laboratorians to design, conduct, and interpret these studies as comprehensively as possible.
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