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Mice and rats are susceptible to porcine circovirus 2b (PCV2) infection under field and experimental conditions.
However, whether PCV2 induces disease in rodents remains a matter of debate. The objectives of the present
study were to determine whether PCV2-induced disease in mice is age-dependent and whether intranasally in-
oculated animals are able to infect animals they come into contact with. Twenty-five CH3/Rockefeller mice were
divided into six groups and intranasally inoculated with 25 μL of either PCV2b or PBS on days 0, 3 and 6. One
group remained untreated. Two age groupswere tested: 3-week-oldmice and 6-week-oldmice. The administra-
tion of three PCV2 intranasal inoculations at intervals of three dayswas able to induce infection and support virus
transmission in susceptible mice, regardless of the age at inoculation. The clinical signs associated with PCV2 in-
fection were more severe in younger mice, and PCV2-DNA load was higher in their faeces. In conclusion, PCV2
induced disease in mice.

© 2015 Published by Elsevier Ltd.
1. Introduction

Porcine circovirus 2 (PCV2) is a small, non-enveloped virus of the
family Circoviridae, genus Circovirus, which is associated with various
disease conditions, collectively known as porcine circovirus-associated
disease (PCVAD). Two major genotypes, PCV2a and PCV2b, are present
worldwide (Opriessnig et al., 2007). PCV2 has been detected in other
animals in addition to domestic pigs (Lorincz et al., 2010, Pinheiro
et al., 2013 and Rose et al., 2012), and several studies have been con-
ducted to investigate the susceptibility of mice to PCV2 infection. How-
ever, whether PCV2 induces disease in rodents remains a matter of
debate. PCV2 replicates in BALB/c mice and can be detected in infected
mice through in situ hybridisation and polymerase chain reaction
(PCR) (Kiupel et al., 2001). Microscopic lesions consistent with PCVAD
have not been observed in BALB/c, C57BL/6, C3H/HeN (Opriessnig
et al., 2009) or ICR-CD1 mice following infection with PCV2 (Quintana
et al., 2002), although PCV2 DNA can be recovered from the tissues of
inoculated mice, regardless of their genetic lineage (Opriessnig et al.,
2009). Recently, macroscopic and microscopic lesions similar to those
.G. de Castro).
caused by PCVAD in pigs have been reported in Kunming mice (Deng
et al., 2011 and Li et al., 2010). A previous study provided evidence of
PCV2 transmission betweenmice (Cságola et al., 2008) and demonstrat-
ed the potential of using Kunming mice as animal models of PCVAD
(Deng et al., 2011). The current study was conducted to determine
whether PCV2-induced disease in mice is age-dependent and whether
intranasally inoculated animals are able to infect animals that they
come into contact with. The experimental protocol was approved
through the Institutional Animal Care and Use Committee from the
Veterinary School of the University of São Paulo. Twenty-five CH3/
Rockefeller mice, aged either 3 or 6 weeks old, were obtained from
the bioterium, inspected, identified and randomly assigned to six
groups (G1–G6). Their cages (41 x 34 x 16 cm) were separated to
avoid cross-contamination, and each contained a self-feeder and an
automatic watering device. A summary of the experimental design is
presented in Table 1. The inoculum, which was the PCV2b virus strain
(GenBank number KC924956), was obtained through serial passage in
ST cell cultures (Cruz and Araujo Jr, 2014) that were propagated in
490 cm2 roller bottles. The inoculum was negative for other swine
agents (data not shown). The animals were intranasally inoculated
with 25 μL of the PCV2b inoculum (106.91 50% tissue culture infective
dose (TCID50) per mL) and monitored daily; any clinical signs of
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Table 1
Experimental design and frequencies of animals with clinical signs, dead mice, and gross
(non-collapsed) and microscopic lung lesions (moderate to severe). The inoculated mice
were PCV2b-challenged three times via intranasal inoculation.

Group Treatment Age
(Weeks)

n Clinical
signs

Dead Gross
lesionsa

Microscopic
lesionsb

G1 Inoculatedc 3 5 2∕5 2∕5d 2∕3 3∕3
G2 6 4 2∕4 0∕4 1∕4 3∕4
G3 Contactants 3 5 2∕5 0∕5 2∕5 5∕5
G4 6 5 0∕5 0∕5 0∕4e 2∕4f

G5 Sham inoculatedf 3 3 0∕3 0∕3 0∕3 0∕3
G6 6 3 0∕3 0∕3 0∕3 0∕3

a Description of non-collapsed lungs.
b Refers to the number of mice showing mild to severe lung lesions.
c Inoculated intranasally with PCV2b (GenBank accession number KC924956) on days

0, 3 and 6.
d Mice C4 and C5 died on days 22 and 29 after inoculation, respectively.
e One lung sample was missed.
f Inoculated intranasallywith 25 μL of phosphate-buffered saline buffer on days 0, 3 and 6.

Fig. 1. The mean loads of log10 PCV2 DNA in faecal samples obtained from 3- (A) and 6-
week-old (B) mice at 0, 10, 20, 30 and 40 days post intranasal inoculation. The asterisks
indicate significant (p b 0.05) differences between the group mean loads of log10 PCV2
DNA at selected dpi. The error bars represent standard errors.
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respiratory disease or lethargy were recorded. At 42 dpi, all of the mice
were euthanized via intraperitoneal overdose of ketamine/xylazine,
followed by cervical dislocation. Faecal samples were collected at 1, 4,
8, 12, 16, 20, 24, 28, 32, 36 and 40 dpi. At 42 dpi, serum and sections
of lung, spleen, liver, kidney, heart, intestine and brain were collected
for assessment in a double-antibody sandwich ELISA (DAS-ELISA) and
fixation in 10% neutral-buffered formalin. Formalin-fixed and paraffin-
embedded tissue sections were evaluated by a blinded veterinary pa-
thologist and were submitted to immunohistochemistry (IHC) for de-
tection of PCV2-specific antigens using rabbit polyclonal anti-PCV2
serum as previously described (Pinheiro et al., 2013). DNAwas extract-
ed from the tissues and faeces using the phenol-chloroform-proteinase
K method (Sambrook et al., 1989) and a DNA extraction QIamp® DNA
Stool Mini Kit (Qiagen, USA), respectively. The extracts were used to
quantify a 145-nt-longPCV2DNA fragment via SYBRGreen qPCR as pre-
viously described (Yang et al., 2007). The reactions were performed
using a StepOne™Real-Time PCR System (Applied Biosystems-Life Tech-
nologies Inc., USA). The number of viral DNA copies was determined by
comparison with a standard curve, and the viral concentration was
expressed as copies of PCV2 DNA per 20mg of tissue sample and as cop-
ies of PCV2 DNA per 100 ng of total DNA in the faeces samples. β-Actin
served as a control for the PCR, as previously described (Hui et al.,
2004). The 145-nt-long fragments were bidirectionally sequenced
using BigDye® Terminator v3.1 (Applied Biosystems-Life Technologies
Inc., USA) and were aligned against the PCV2b inoculum sequence. The
qPCR data are reported as themeans± standard deviation unless other-
wise indicated. The Shapiro–Wilk test was used to normalize the data
distribution of the examined variables. Nonparametric Kruskal–Wallis
ANOVA analysis was employed to evaluate the PCV2 load between the
contact and inoculated animals and between age groups. Differences
among the interacting groups that were indicated by the repeatedmea-
sures ANOVAwere assessed using theMann–Whitney test with a signif-
icance level of p b 0.05. All of the control group mice were negative for
PCV2 regardless of age. The intranasal PCV2 inoculationswere successful
in infecting and transmitting the virus to the contact animals. Previous
results regarding PCV2 infection in mice have been contradictory, and
the lineages of the animals thatwere used in these studies could explain
the differences in the results, as genetic variations in the host modulate
the pathways and mechanisms involved in specific disease tolerance
traits. MHC I molecules play a pivotal role in immune recognition of
intracellular pathogens. The mutational and polymorphic patterns
that have been linked to MHC-I haplotypes in BALB/c (H2 d) and CH3
(H2 k) mice may explain why both of these strains are more susceptible
to PCV2 infection thanC57BL/6mice (Opriessnig et al. 2009). Despite the
absence of information on MHC-I haplotypes in Kunming mice (Cságola
et al., 2008, Li et al., 2010 and Deng et al., 2011) and CH3/Rockefeller
mice, which were used in the current study, genetic differences should
be considered when seeking understanding of the varying levels of
disease pathogenesis that have been observed in different studies.

Two mice from G2 and two mice from G3 were lethargic from 14 to
20 dpi and 17 to 30 dpi, respectively. Twomice from G1 showed lethar-
gy and respiratory distress at 14 dpi; one died at 22 dpi, and the other
died at 29 dpi (Table 1). The clinical respiratory signs associated with
PCV2 infection were shown to be age-dependent in mice. The route
and number of inoculations, as well as the intervals between them,
might have influenced the death rate and rate of lesion occurrence in
the present study. In previous studies, both intramuscular and intraper-
itoneal routes, sometimes combined with oral or intranasal challenge,
have been used. However, longer inoculation intervals of 7 or 14 days
were used in previous studies versus the 3-day interval used herein.
The use of a shorter intervalmight impede the development of a specific
adaptive response, resulting inmore severe clinical signs and the occur-
rence of microscopic lesions, primarily in the lungs of younger mice
(Kiupel et al., 2001, Opriessnig et al., 2009, Deng et al., 2011 and Li
et al., 2010). Younger animals presented higher PCV2 loads in their
tissues in both the infected (mean ± standard deviation 4.72 ± 2.28
vs. 2.96 ± 3.05, p b 0.01) and contact groups (mean ± standard devia-
tion 4.92 ± 2.46 vs. 3.63 ± 3.75, p b 0.01) compared with 6-week-old
mice. The same pattern was observed when assessing PCV2 load in
the faeces (Fig. 1). There was no difference in PCV2 load in any of the
evaluated organs between the 3- and 6-week-old animals (data not
shown). PCV2 DNA shedding in the faeces was detected earlier in the
younger contactmice than in the older contactmice (4 vs. 8 dpi, respec-
tively) (Fig. 1). The 145-nt-long sequence corresponding to PCV2-ORF2
that was obtained from tissue (n = 4) and faecal (n = 4) samples,
which were selected for evaluation based on PCV2 DNA load, showed
100% identity with the inoculum used (data not shown). All of the
serum samples were negative for anti-PCV2 antibodies. An absence of
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detectable anti-PCV2 IgG in infected mice was previously described by
Opriessnig et al. (2009), which was in disagreement with other studies
that reported seroconversion in mice after 7 dpi (Kiupel et al., 2001 and
Li et al., 2010). This intra-study discrepancy might reflect the different
assays that were used to detect anti-PCV2 antibodies. Additionally, it
has been demonstrated that PCV2 can remain associated with macro-
phages and dendritic cells without showing any signs of replication
(Darwich and Mateu, 2012). Considering the migratory capacity of
dendritic cells, such virus-host interactionsmight represent an effective
vehicle for virus spread within the body, which may explain the detec-
tion of PCV2 in tissues and faeces via qPCR in the present study, despite
the seroconversion and/or lack of viraemia (Vincent et al., 2003). The
detection of viral DNA in faeces on the first day post inoculation might
have resulted from the ingestion of inoculum, as has been observed in
swine (Patterson and Opriessnig, 2010). With the exception of the
6-week-old contact group mice, none of the remainder of the animals
from the inoculated and contact groups presented collapsed lungs.
Microscopic lesions were observed in the lungs, regardless of age
(Table 1). In the 3-week-old mice, 6 of 11 mice showed mild to severe
neutrophilic and lymphocytic bronchointerstitial pneumonia, whilst 2
of 11 of the 6-week-old mice showed mild to moderate neutrophilic
bronchointerstitial pneumonia. Furthermore, numerous megakaryo-
cytes were observed in the red pulp of the spleen in 4 of 12 of the
6-week-old mice. Hepatitis and pyelitis were observed in 4 of 12 of
the 6-week-old mice, whilst only one 3-week-old animal from G1 had
hepatitis, and no 3-week-old animals showed pyelitis. Mild multifocal
areas of mineralisation were described in the hearts of two of the mice
from G2. No lesions were observed in the other organs tested. Severe
staining was observed in the spleens of animals from G1 (1/3), G2
(1/4) and G3 (4/5), whilst moderate staining was observed in the ani-
mals from G1 (1/3), G2 (2/4) and G4 (2/5). The discrepancies between
the PCR and IHC results might be associated with the intrinsic sensitiv-
ities of the assays. It has previously been determined that an estimated
viral load of a minimum of 108 PCV2 genomes per 500 ng DNA is re-
quired to yield visible IHC staining in swine samples. Moreover, in the
absence of virus replication, PCV2 DNA persists in DCs (Vincent et al.,
2003) without presenting antigens to the cell surface, preventing IHC
detection. Thus, although gross microscopic lesions and clinical signs
were observed in the present study, these characteristics were primar-
ily observed in the lungs because of the lesions thatwere present in this
tissue. Therefore, it is likely that viral replication in the mice occurred
below the analytical sensitivity threshold for IHC assay. Finally, we
demonstrated that administering three intranasal inoculations of
PCV2 using an interval of three days between each led to viral infection
and supported viral transmission to uninfected animals, regardless of
the age of the animal at the time of inoculation; however, the clinical
signs caused by viral infection were more severe in younger mice.
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