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Pulmonary dysfunction was evaluated in pigs infected with porcine reproductive and respiratory syn-
drome virus (PRRSV, isolate VR-2332) and compared to clinical and pathological findings. Infected pigs
developed fever, reduced appetite, respiratory distress and dullness at 9 days post-inoculation (dpi).
Non-invasive pulmonary function tests using impulse oscillometry and rebreathing of test gases (He,
CO) revealed peripheral airway obstruction, reduced lung compliance and reduced lung CO-transfer fac-
tor. PRRSV-induced pulmonary dysfunction was most marked at 9–18 dpi and was accompanied by a sig-
nificantly increased respiratory rate and decreased tidal volume. Expiration was affected more than
inspiration. On histopathological examination, multifocal areas of interstitial pneumonia (more severe
and extensive at 10 dpi than 21 dpi) were identified as a possible structural basis for reduced lung com-
pliance and gas exchange disturbances.

� 2009 Elsevier Ltd. All rights reserved.
Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV), a
member of the family Arteriviridae, genus Arterivirus, causes por-
cine reproductive and respiratory syndrome (PRRS), an important
cause of production losses in pigs (Rossow, 1998). The conse-
quences of PRRSV infection have been well documented for the
reproductive system and for systemic infection (Christianson
et al., 1992; Botner et al., 1994; Mengeling et al., 1996; Lager
et al., 1997; Kranker et al., 1998). Numerous studies have evaluated
the clinical, pathological and immunological features of the respi-
ratory form of PRRS (Labarque et al., 2000; Samsom et al., 2000;
Opriessnig et al., 2002), but the effects on pulmonary function have
not been investigated, even though respiratory dysfunction may
have a significant impact on the clinical outcome of the disease.

Typical clinical signs of respiratory infection with PRRSV are
tachypnoea or dyspnoea that can be accompanied by an increased
respiratory effort, lethargy, fever and occasionally coughing, sneez-
ing and chemosis (Rossow et al., 1994; Opriessnig et al., 2002).
Gross lung lesions include failure of the lungs to collapse, as well
as moderately well demarcated, mottled, brown areas of pneumo-
nia (Opriessnig et al., 2002). Microscopic lung lesions are charac-
ll rights reserved.

: +49 3641 804228.
hold).
terised by type II pneumocytic hypertrophy and hyperplasia,
septal infiltration with mononuclear cells and alveolar exudates
(Opriessnig et al., 2002). No data are currently available on the
pathophysiological features and derangements of pulmonary func-
tion induced by PRRSV. Since the lungs are important for oxygen
supply to all tissues, pulmonary dysfunction might have significant
clinical and subclinical systemic consequences.

Pulmonary function testing has been applied to pigs with bacte-
rial respiratory infections by our group (Reinhold et al., 2005,
2008). A combination of impulse oscillometry and rebreathing of
test gases can be used to evaluate lung ventilation, respiratory
mechanics and pulmonary gas exchange in spontaneously breath-
ing pigs. Since both methods are non-invasive and applicable to
conscious animals, changes in pulmonary function can be evalu-
ated over time. In this study, pulmonary dysfunction was charac-
terised in relation to clinical signs and pathological changes in
pigs with experimental PRRSV infection.
Materials and methods

Animals

Twenty-four German hybrid pigs from a closed specific-pathogen-free herd
known to be free of PRRSV were transported to our institute at 24–27 days of age
and were enrolled in the study after a quarantine period of 21 days. Pigs were
housed according to the guidelines for animal welfare and fed twice daily with a

http://dx.doi.org/10.1016/j.tvjl.2009.12.022
mailto:petra.reinhold@fli.bund.de
http://www.sciencedirect.com/science/journal/10900233
http://www.elsevier.com/locate/tvjl
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commercial grower diet without antibiotics. Water was supplied ad libitum. Pigs
were housed in two groups of 12 animals each, with pens of six pigs being sepa-
rated from each other.

Virus

VR-2332, the prototype type II PRRSV isolated in 1989 in Minnesota, USA, has
been shown to be virulent for sows and piglets (Rossow et al., 1994; Opriessnig
et al., 2002; Nielsen et al., 2003). Sixth passage VR-2332, propagated and titrated
on MA-104 cells, was prepared at a concentration of 593 log10 50% tissue culture
infectious doses/mL for use as the inoculum.

Experimental design

The study had a randomised, negatively controlled design (Table 1) and was
performed at biosafety level 2. Ethical approval was obtained from the Commission
for the Protection of Animals of the State of Thuringia, Germany (registration num-
ber 04-001/07).

Twelve pigs were exposed to PRRSV and 12 pigs served as controls. On the day
of challenge, pigs exposed to PRRSV had an age of 62.2 ± 1.0 days (mean ± standard
deviation, SD) and a body weight of 22 ± 2 kg, while controls were 61.2 ± 0.7 days
old and weighed 22 ± 2 kg. Pigs were inoculated intranasally (1 mL per nostril)
and intramuscularly (1 mL per pig) with either PRRSV VR-2332 or 0.9% saline (con-
trols). For intranasal inoculation, a 10 mL syringe was connected to a tube
(40 cm � 1.7 mm inner diameter feeding tube, Rüsch sterile, Ref 224000, size No.
3. Willy Rüsch GmbH) which had been inserted approximately 3 cm into the nose.
One millilitre of virus solution, along with 9 mL air, per syringe was administered
into each nostril with manual pressure, followed by IM injection of 1 mL into the
gluteal muscle.

Clinical observations were recorded twice daily and included general behaviour,
feed intake, appetite, rectal temperature, respiratory rate (RR) and the presence or
absence of clinical signs of respiratory disease or diarrhoea. To monitor for the pres-
ence of PRRSV by PCR and for seroconversion, blood samples were collected three
times before challenge (�11, �5 days and �1 h) and six times after challenge (3,
7, 10, 14, 17 and 21 days post-inoculation, dpi). Blood samples, nasal swabs, rectal
swabs and tracheal swabs were also collected to exclude concurrent infections
(Table 1).

Pulmonary function tests (PFTs) were performed twice before challenge (�7
and �3 days) and seven times after challenge (2, 4, 6, 9, 12, 15, 18 and 21 dpi) in
eight pigs exposed to PRRSV and in eight controls (Table 1). Body weight was deter-
Table 1
Study design for PRRSV monitoring, additional microbiological analysis, pulmonary functi

M. hyopneumoniae, Mycoplasma hyopneumoniae; APP, Actinobacillus pleuropneumoniae; P
influenza virus; TGEV, transmissible gastroenteritis virus; PFT, pulmonary function tests
an = 12 Pigs per group.
bn = 8 Pigs per group (with PFT).
cn = 4 Pigs per group (without PFT).
mined 1 day before each PFT and at postmortem examination. Four pigs per group
(without PFT) were sacrificed at 10 dpi and eight pigs per group (with PFT) were
sacrificed at 21 dpi for gross pathological, histopathological and immunohisto-
chemical examination (Table 1).

Quantitative real-time PCR

To quantify the PRRSV load in blood, serum samples were analysed by real-time
PCR for PRRSV strain VR-2332 and its attenuated form, Ingelvac MLV. RNA was ex-
tracted using QIAamp Viral RNA Mini Kit (Qiagen). Reverse transcription was car-
ried out using the Multiscribe RT Enzyme Kit (Applied Biosystems). Reverse
transcription conditions were 25 �C for 10 min, 37 �C for 120 min and 85 �C for
5 s. Amplification was carried out in triplicate using the TaqMan Universal PCR
Master Kit (Applied Biosystems) and the PRRS VR-2332-specific primers MLV F1
(50-GCAGCTCCCATCTACAGCTGATT-30) and MLV R1 (50-AGACAATGTGAGTCA
AAACGGGAAAGAT-30). The probe was TET-50-TTGGCTAGCTAACAAATTTGATTGGGC
AGTGGAGAGTTT-30-TAMRA. Thermal cycling conditions were 50 �C for 2 min,
95 �C for 10 min, then 50 cycles of 94 �C for 15 s and 60 �C for 1 min. PRRSV cDNA
quantification was achieved by comparison of the unknown sample with a standard
curve derived from known amounts of plasmid DNA.

ELISA

A commercial PRRSV ELISA (HerdCheck PRRS ELISA, IDEXX) was used to detect
anti-PRRS antibodies in the blood serum of pigs before and after challenge. Samples
with sample-to-positive (S/P) ratio P 0.4 were considered to be positive for anti-
bodies against PRRSV, as recommended by the manufacturer.

Differential microbiological examinations

Routine bacteriological culture was performed on nasal, tracheal and faecal
swabs for Bordetella spp., Pasteurella spp., Haemophilus spp., Actinobacillus pleuro-
pneumoniae (APP) and Salmonella spp. (Table 1). Samples were tested for Myco-
plasma spp. by indirect immunofluorescence and for Chlamydia spp. by PCR.

Paired serum samples from each pig (blood collected at the beginning of the
study and at postmortem examination) were used for serology (Table 1). Commer-
cial ELISA test kits were used to detect antibodies against Mycoplasma hyopneumo-
niae (DAKO M. hyo ELISA, Oxoid), APP (Cypress Diagnostics), swine influenza virus
(SIV; IDEXX), transmissible gastroenteritis virus (TGEV; SVANOVA) and porcine
on testing and postmortem examination.

CV-2, porcine circovirus type 2; PRCV, porcine respiratory coronavirus; SIV, swine
(8 pigs per group examined postmortem at 21 dpi).
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respiratory coronavirus (PRCV; SVANOVA). Testing for antibodies against porcine
circovirus type 2 (PCV-2) was performed by an indirect fluorescent antibody test
(Fachinger et al., 2008).
Pulmonary function tests

Approximately 15 min prior to PFT, each pig was sedated with diazepam (1.5–
2.0 mg/kg body weight IM; Faustan, Weimer Pharma). The sedated animal was re-
strained in a canvas sling with openings for the limbs and wore a tightly fitting face
mask, allowing spontaneous breathing. After an adaptation period of approximately
5 min, two non-invasive lung function techniques were applied consecutively: (1)
impulse oscillometry system (IOS; MasterScreen IOS; Jaeger); and (2) rebreathing
system (MasterScreen Diffusion; Jaeger). Both systems were originally produced
for human medicine and have been successfully applied to pigs previously (Rein-
hold et al., 2005, 2008).
Impulse oscillometry
IOS was used to measure variables of respiratory mechanics based on a forced

oscillation technique, as previously validated for pigs (Klein and Reinhold, 2001;
Klein et al., 2003). Externally generated test impulses given by a loudspeaker were
superimposed on spontaneous airflow of the breathing animal. Variations in pres-
sure and flow signals were analysed using Fast Fourier Transformation to calculate
the complex respiratory impedance, which consists of both respiratory resistance
(Rrs) and respiratory reactance (Xrs) (Smith et al., 2005). Airflow was registered
during spontaneous breathing using a Lilly-type pneumotachograph with a mesh
resistance of 36 Pa/(L/s) and used to calculate spirometric variables of spontaneous
breathing (RR and tidal volume, Vt).

Each test per day and animal consisted of three consecutive IOS measurements
free of any artefacts (e.g. coughing or irregular breathing pattern). Each measure-
ment lasted for 60 s. Three impulses were generated per second, leading to 180
independent results per min. The sampling rate was set at 200 Hz (period between
two sampling points of 5 ms), selecting 32 sampling points after each impulse. Re-
sults of the three measures per pig and per time point were averaged for statistical
analysis.

The following variables of ventilation and respiratory mechanics were analysed:
(1) RR; (2) Vt; (3) volume of minute ventilation (MV); (4) both Vt and MV related to
body weight (Vt/kg, MV/kg); (5) Rrs; (6) Xrs, each at 3, 5, 10 and 15 Hz, and sepa-
rated for inspiration and expiration at each frequency (Rrs,in3Hz . . . Rrs,in15Hz;
Rrs,ex3Hz . . . Rrs,ex15Hz; Xrs,in3Hz . . . Xrs,in15Hz; Xrs,ex3Hz . . . Xrs,ex15Hz); (7) resis-
tance of proximal airways (Rprox); and resistance of distal airways (Rdist).
Rebreathing method
Using different test gases and a multiple breath approach (i.e. steady state

method), the rebreathing system permitted the simultaneous measurement of
two additional pulmonary function variables. The functional residual capacity
(FRC) of the lungs was measured by the helium (He) dilution technique (wash-
in). The transfer factor of the lungs for carbon monoxide (TL CO) was determined
in order to evaluate the transfer of oxygen from the lungs into the blood.

For assessing both FRC and TL CO, each pig inhaled the test gas mixture (9% He,
0.25% CO in synthetic air) from a reservoir bag. Since animals were growing, the vol-
ume filled in the reservoir bag was 4 L in the pre-challenge period and was adjusted
for the increasing lung volume with growth to 5 L from 2 to 18 dpi. The time to per-
form this test (i.e. rebreathing time) increased from 91 ± 17 s (mean ± SD) 1 week
before challenge (body weight of 17 ± 1 kg, mean ± SD) to 116 ± 16 s at 18 dpi (body
weight of 32 ± 2 kg) due to a significant correlation with increasing body weight
(r = 0.25; R2 = 6.28%; P = 0.003) or increasing FRC (r = 0.29; R2 = 8.26%; P = 0.0005),
respectively.

FRC was calculated per kg body weight (FRC/kg) to avoid body weight being a
confounding factor. Data for TL CO were corrected for the individual concentration
of haemoglobin in the blood (TL COHb), as determined before each PFT using a
haemoxymeter that allows species-specific analysis of haemoglobin fractions for
pigs (OSM3, Radiometer). To correct for body weight and metabolism, TL COHb

was calculated per kg body weight (TL COHb/kg), as well as per kg metabolic body
weight (TL COHb/kg0.75).
Gross pathology and histopathology

Pigs were euthanased by intravenous injection of pentobarbital sodium (Re-
lease, WDT) at P600 mg/10 kg body weight. The trachea was exposed, severed dis-
tal to the larynx and the lungs were instilled with neutral buffered formalin (NBF) at
a pressure of 300 mm water column. After 15 min of intrathoracic fixation, the tra-
chea was closed and the lungs were removed from the thoracic cavity and placed in
NBF for 24 h. Samples collected from proximal and distal parts of the cranial and
caudal pulmonary lobes and from one area of the accessory lobe were embedded
in low-melting paraffin (50–52 �C). Paraffin sections were stained with haematox-
ylin and eosin for histological examination.
Immunohistochemistry

PRRSV antigen was detected by immunohistochemistry using the alkaline phos-
phatase anti-alkaline phosphatase (APAAP) method. Paraffin sections collected on
charged slides were pretreated with proteinase K (0.05% in phosphate buffered sal-
ine, pH 7.4) for 10 min. The monoclonal antibody SR30-A (Rural Technologies) was
used as the primary antibody and rabbit anti-mouse Ig (Dianova) was used as the
secondary antibody to bind the APAAP complex (Dako). Alkaline phosphatase was
visualised using neufuchsin. Slides were counterstained with methylene green. Po-
sitive control sections (BioScreen EVDMC) were included with each reaction.

Statistical analysis

Statistical analyses were performed to determine the relationship between
PRRSV infection and clinical signs, body weight or lung function variables. For sta-
tistical evaluation of clinical signs, the study period from 6 days before inoculation
until 21 dpi was separated into nine sub-periods, each of three consecutive days.
Within each sub-period, data obtained per day and per animal were averaged.
For calculating baseline data obtained by PFT, all measures per pig before inocula-
tion were averaged.

Numeric data are presented as medians, minima and maxima. The Mann–Whit-
ney–Wilcoxon-test (W-test; comparison of medians) was used to determine signif-
icant differences between groups at P 6 0.05. For regression analyses a linear model
was used (y = a + bx) and both coefficient of linear correlation (r) and coefficient of
determination (R2) were calculated.

Results

PRRSV viraemia and seroconversion

PCR for quantification of viral load and ELISA for antibody
detection demonstrated that all pigs were negative for PRRSV be-
fore challenge. Controls remained free of PRRSV infection through-
out the trial. In pigs exposed to PRRSV, infection was confirmed by
increasing viral loads in serum. Viraemia was detected in all pigs at
3 dpi and reached a maximum 10 dpi (Fig. 1A). Antibody titres
against PRRSV were first observed at 7 dpi in one pig and at 14
dpi in all other pigs, reaching a maximum at 17 dpi (Fig. 1B).

Clinical signs

None of the control pigs exhibited any clinical signs of respira-
tory disease during the study. Pigs exposed to PRRSV developed
clinical signs initially observed at 1–3 dpi, including reduced appe-
tite, dullness and fever. Body temperature was significantly in-
creased in challenged pigs compared to controls from 1 to 15 dpi
and this increase showed a biphasic character, with maxima at
1–3 dpi and 7–9 dpi (Fig. 2A). Most PRRSV challenged pigs re-
mained dull until the end of the trial, whereas reduced appetite
and/or diarrhoea was identified only sporadically from 7 to 18
dpi. The daily weight gain was 568 ± 61 g (mean ± SD) in controls
and 573 ± 67 g in pigs exposed to PRRSV; there was no significant
difference between groups.

Coughing, dyspnoea and ocular discharge were detected in pigs
exposed to PRRSV. Coughing was present from 1 to 21 dpi in 9/12
pigs and was most prominent from 13 to 15 dpi. RR increased sig-
nificantly in PRRSV challenged pigs compared to controls starting
in the period 1 to 3 dpi and reached maximal values at 13–15
dpi (Fig. 2B). Dyspnoea developed in 8/12 pigs in the period 10–
21 dpi, with a maximal intensity at 16–18 dpi. One PRRSV chal-
lenged pig exhibited ocular discharge in the period 7–12 dpi.
Interestingly, no nasal discharge and no vomiting was observed.

Pulmonary function

Volumes of lung ventilation
Compared to controls, Vt/kg was significantly reduced in pigs

exposed to PRRSV after challenge (Fig. 3A). This decrease was most
prominent in the period 9–18 dpi. In contrast, the volume of MV in
relation to body weight (MV/kg) increased significantly in PRRSV
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challenged pigs. Compared to controls, the most marked increase
in MV was seen between 6 and 15 dpi (Fig. 3B).

Respiratory mechanics
In pigs experimentally exposed to PRRSV, marked changes in

respiratory impedance occurred at 9–18 dpi; the changes were
more prominent during expiration than during inspiration. Spec-
tral curves of Rrs and Xrs within the frequency range of 3–15 Hz
at 12 dpi are shown in Fig. 4. Rrs at 3 and 5 Hz measured during
expiration was significantly elevated in comparison with controls,
leading to a significantly larger difference between inspiratory and
expiratory resistance values. This increase in Rrs,ex was statisti-
cally significant on days 12 and 18 after challenge for both
Rrs,ex3Hz and Rrs,ex5Hz, as well as for Rrs,ex3Hz alone on days 4
and 9 post-challenge (Supplementary Table 1). In contrast, Rrs at
3 and 5 Hz measured during inspiration was not significantly dif-
ferent between groups (Fig. 4, Supplementary Table 1). Both Rrs,ex
and Rrs,in assessed at 10 and 15 Hz were lower in pigs exposed to
PRRSV compared to controls (Supplementary Table 1). Due to sig-
nificantly increased expiratory resistance data at low frequencies
(3 and 5 Hz) and significantly lower Rrs,ex data at 15 Hz, the resis-
tance curves during expiration became inversely frequency depen-
dent after PRRSV challenge, i.e. resistance decreased with
increasing frequency (Fig. 4).

Xrs at all frequencies (3–15 Hz) was significantly lower in
PRRSV infected pigs compared to controls (Fig. 4). This observed
negativity of the total Xrs curves was more prominent during expi-
ration compared to inspiration, mainly from 12 to 18 days after
exposure (Supplementary Table 2).

Proximal and distal airway resistances are shown in Table 2.
After challenge, pigs exposed to PRRSV had significantly higher dis-
tal airway resistance compared to controls. In contrast, Rprox was
significantly lower in PRRSV challenged pigs than in control pigs.
Functional residual capacity
As shown in Table 3, volumes of FRC increased in growing pigs

of both groups during the study (linear correlation between body
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weight and FRC: control pigs: r = 0.69; R2 = 47.96%; P 6 0.00001;
PRRSV infected pigs: r = 0.44; R2 = 19.05%; P 6 0.00001). Neither
absolute volumes of FRC nor FRC/kg body weight (data not shown)
differed significantly between groups at any time point.
Pulmonary gas exchange
In controls, TL COHb ranged from 0.43 mmol/min/kPa (median;

minimum-maximum: 0.33–0.95) 7 days before challenge to
1.23 mmol/min/kPa (minimum-maximum: 0.97–3.2) at 18 dpi.
Due to the increase in body weight of pigs during the trial
(r = 0.51; R2 = 25.56%; P 6 0.0001) and because gas exchange in
the lung physiologically adapts to metabolism, groups were com-
pared on a basis of TL COHb data corrected for either body weight
(Fig. 5A) or metabolic body weight (Fig. 5B). Compared to controls,
reduced gas transfer became evident in pigs challenged with
PRRSV from 9 dpi until the end of the study. This decrease was sta-
tistically significant for TL COHb/kg at 12 and 18 dpi and for TL
COHb/kg0.75 at 12 dpi.
Gross pathology

There were no gross changes in the lungs of PRRSV infected or
control pigs. Systemic enlargement of lymph nodes (including
the tracheobronchial lymph nodes) was evident at 10 and 21 dpi
in the PRRSV inoculated group.

Histopathology

Histopathological examination of the lungs of inoculated pigs
revealed mild to moderate multifocal interstitial pneumonia char-
acterised by thickening of interalveolar septa, septal infiltration
with mononuclear cells, hyperplasia and hypertrophy of type II
pneumocytes and alveolar exudates of macrophages, necrotic deb-
ris and occasionally multinucleated cells (Fig. 6A). Pulmonary le-
sions were more frequent and more severe in cranial lobes
compared to caudal lobes and in the proximal part of lobes com-
pared to the distal part. At 10 dpi, mild to moderate interstitial
pneumonia was evident in 3/4 pigs. At 21 dpi, lesions were milder,
but all eight pigs were affected. Hyperplasia of the tracheobron-
chial lymph nodes was evident in 7/8 pigs at 21 dpi. In the lungs
of control pigs, there were mild to moderate peribronchiolar and
perivascular lymphocytic infiltrates, along with mild lymphocytic
infiltrates in interalveolar septa and mild multifocal clusters of
alveolar macrophages in alveolar spaces. There was no thickening
of interalveolar septa (Fig. 6B).

Immunohistochemistry

PRRSV antigen was detected only in pigs inoculated with
PRRSV. There was a close correlation between pulmonary lesions
and the presence of viral antigen. PRRSV antigen was present in
the cytoplasm of alveolar macrophages and occasionally in multi-
nucleate cells within alveoli (Fig. 6C). It was also seen in mononu-
clear cells within thickened interalveolar septa and in type II
alveolar epithelial cells. PRRSV antigen was also detected in one
pig which did not develop interstitial pneumonia. At 10 dpi, the
highest amount of viral antigen was found in two pigs with mod-
erate pulmonary lesions. There was less PRRSV antigen present
in the lungs at 21 dpi compared to 10 dpi.

Other microbiological findings

All pigs were free of APP, Bordetella spp., Mycoplasma spp., Pas-
teurella spp., SIV and TGEV. Chlamydia spp. were detected in rectal
swabs of all pigs. All animals had antibodies against PCV-2 and
PRCV. Haemophilus parasuis was detected in a nasal swab from 1/
12 pigs in the control group before challenge. Salmonella spp. were
detected sporadically in rectal swabs before and after challenge in
both groups.
Discussion

This study characterised respiratory dysfunction induced by the
well-characterised prototypical NA-type PRRSV isolate VR-2332
(Rossow et al., 1994; Opriessnig et al., 2002; Nielsen et al., 2003).
Moderate clinical disease was induced that allowed consecutive
pulmonary function testing until 3 weeks after challenge without
any spontaneous deaths before the end of the study. This is the first
simultaneous within-subject study of clinical, functional and mor-
phological changes in pigs experimentally infected with PRRSV.

In the absence of other major infectious causes of respiratory
disease, changes in clinical status, pulmonary dysfunction and
pathology in pigs in this study can be attributed to PRRSV. PRRSV
viraemia and seroconversion were evident in all challenged pigs.
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Table 2
Distal airway resistance (Rdist) and proximal airway resistance (Rprox) in pigs exposed to PRRSV (n = 8) and controls (n = 8).

Day Control PRRSV

Median Range min; max Median Range min; max

Rdist in kPa/(L/s) a.i. 0.334 0.256; 0.456 0.434 0.311; 0.550
2 0.300 0.250; 0.500 0.471 0.250; 0.617
4 0.342 0.250; 0.400 0.558# 0.233; 0.617
6 0.292 0.250; 0.550 0.425 0.250; 0.550
9 0.350 0.283; 0.417 0.517# 0.333; 0.750

12 0.275 0.250; 0.400 0.600# 0.417; 0.717
15 0.334 0.250; 0.483 0.592# 0.283; 0.733
18 0.284 0.250; 0.383 0.517# 0.400; 0.717

Rprox in kPa/(L/s) a.i. 0.367 0.279; 0.374 0.336 0.316; 0.368
2 0.365 0.271; 0.436 0.327 0.259; 0.421
4 0.366 0.211; 0.415 0.345 0.288; 0.407
6 0.383 0.266; 0.460 0.329# 0.298; 0.371
9 0.388 0.308; 0.523 0.385 0.255; 0.449

12 0.431 0.389; 0.459 0.353# 0.275; 0.447
15 0.482 0.335; 0.523 0.363# 0.289; 0.436
18 0.517 0.399; 0.588 0.361# 0.306; 0.387

a.i. Represents data measured prior to inoculation with PRRSV (averaged per pig).
# Indicates significant difference between pigs exposed to PRRSV and controls (W-test, P 6 0.05).

Table 3
Functional residual capacity (FRC) in pigs exposed to PRRSV (n = 8) and controls (n = 8).

Day Control PRRSV

Median Range min; max Median Range min; max

FRC (mL) a.i. 140 60; 430 235 50; 370
2 340 46; 576 366 89; 867
4 368 59; 570 365 206; 770
6 310 192; 414 287 32; 706
9 343 131; 717 367 17; 593

12 544 150; 743 481 149; 603
15 648 271; 950 553 271; 735
18 631 461; 1048 507 270; 790

a.i. Represents data measured prior to inoculation (averaged per pig).
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Challenge with VR-2332 induced reproducible and representative
respiratory disease consistent with previous studies using the
same strain (Rossow et al., 1994; Opriessnig et al., 2002). PRRSV
viraemia was detected at 3 dpi and coincided with an increase in
rectal temperature. An increase in RR was evident at 7 dpi and
lasted until the end of the study, i.e. until at least 21 days after
infection. Other clinical signs included dyspnoea and coughing
and were most prominent from 15 to 18 dpi. Pulmonary dysfunc-
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tion was evident earlier (4 dpi) and was most prominent at 12 dpi.
Microscopic lung lesions were more severe at 10 dpi than at 21 dpi
which is in accordance with Opriessnig et al. (2002).

Some authors have reported coughing as a clinical sign of PRRS
(Done et al., 1996; Beyer et al., 2000), whereas others have attrib-
uted coughing to secondary infections (e.g. M. hyopneumoniae, B.
bronchiseptica, PCV-2) (Thacker et al., 1999; Brockmeier et al.,
2000; Thacker and Thanawongnuwech, 2002). We observed a
spontaneous dry cough in most of the pigs exposed to PRRSV,
but not in controls. Due to the absence of other major respiratory
pathogens in the present study and because there was no evidence
of tracheitis, bronchiolitis or airway mucus on pathological exam-
ination, we interpret the observed cough as being induced by bron-
chospasms as a component of the respiratory illness caused by
PRRSV. This interpretation is supported by the presence of periph-
eral airway obstruction, as evaluated by pulmonary function
testing.

Influence of PRRSV on pattern of breathing

The pattern of ventilation, as indicated by spirometric data deter-
mined during spontaneous breathing, includes RR, Vt and MV. In our
study, RR increased significantly in pigs exposed to PRRSV, with
maximal values at 13–15 dpi (216% compared to baseline data). In-
creased RR may be a response to hyperthermia, as well as an attempt
to compensate for reduced Vt and/or arterial oxygen deficiency
caused by reduced gas transfer from the lungs into the blood.

Relative Vt (Vt/kg) was significantly reduced (<10 mL/kg) in pigs
exposed to PRRSV, while Vt/kg was always >10 mL/kg in healthy
controls. Reduced Vts indicate changes in the pattern of breathing
caused by obstructive or restrictive disorders and/or by disorders
in gas exchange. Pulmonary function tests in PRRSV challenged pigs
indicate both obstructive and restrictive disorders (confirmed by
increased Rrs at frequencies 65 Hz and decreased Xrs), as well as
disorders in gas exchange (confirmed by decreased TL COHb). The
latter correlates with the pathological findings of thickened interal-
veolar septa and the presence of alveolar exudates.

The observed increases in MV in PRRSV challenged pigs were
caused by increases in RR and indicate compensation for reduced
Vts. Pigs infected with PRRSV had shorter breathing cycles and
shallower inspiration. This pattern of breathing, however, is patho-
physiologically linked to a higher percentage of dead space venti-
lation compared to alveolar ventilation and consequently carries
the risk of alveolar hypoventilation. In addition, the energy
requirement for breathing increases due to increased effort of
respiratory muscles.

Influence of PRRSV on respiratory mechanics

Impulse oscillometry measures complex respiratory impedance,
which consists of Rrs and Xrs (Smith et al., 2005). While Rrs reflects
mainly airway resistance, Xrs is determined by inertive and capac-
itive components of the respiratory system. Pressure impulses gen-
erated by a loudspeaker in a frequency range of 0–100 Hz are used
as test signals. Low frequencies (3–5 Hz) penetrate deep into the
respiratory tract and provide a representation of the peripheral air-
way system, whereas high frequencies (10–15 Hz) provide a repre-
sentation of the upper and central airway systems. Results at
frequencies >15 Hz were disregarded, since they are mainly influ-
enced by mechanical properties of the face mask, which acts as a
confounding factor for respiratory impedance measurements in
animals (Reinhold et al., 1998; Klein et al., 2003).

In addition to the spectral curves of Rrs and Xrs, two model-de-
rived resistances (i.e. Rdist and Rprox) were analysed to differentiate
between the effects of PRRSV on either proximal airways (nasal
cavities, larynx and pharynx) or distal airways (lung periphery),
respectively. All variables of respiratory mechanics were signifi-
cantly different in pigs challenged with PRRSV compared to con-
trols. Rrs at 3–5 Hz, Rdist and Xrs are important variables with
respect to the lung periphery, including peripheral airways. Rrs
at frequencies 65 Hz was significantly elevated in pigs exposed
to PRRSV and this increase was only evident during expiration. This
phenomenon indicates airflow limitation predominantly in the
peripheral airway system, since peripheral airway obstruction af-
fects expiration much more than inspiration.

The presence of peripheral airway obstruction is emphasised by
significant increases in model-derived resistance of distal airways
(Rdist). Due to the absence of mucus and bronchial wall oedema,
peripheral airway obstruction was most likely to have been caused
by bronchospasms. Morphological correlates for bronchospasms,
however, are lacking, since contractions or spasms of airway mus-
cles do not persist after euthanasia and the fixation method used in
this study (intratracheal instillation with formalin) opens airways
and fills alveolar regions, irrespective of the ventilation status



Fig. 6. (a) Pulmonary lesions in the right cranial apical lung lobe of a pig 21 days after inoculation with PRRSV isolate VR-2332. Interstitial pneumonia with thickened
interalveolar septa, septal infiltration of mononuclear cells (arrow, example), hypertrophy and hyperplasia of alveolar epithelial cells (arrowhead, example) and alveolar
exudate (�, example). HE stain, bar = 200 lm. (b) Morphology of unaltered pulmonary tissue in the left cranial pulmonary lobe of a control pig 21 days after sham inoculation.
Note open alveolar spaces and thin, even interalveolar septa due to intrapulmonary instillation of fixative. HE stain, bar = 200 lm. (c) Distribution of PRRSV antigen in the
right cranial apical lung lobe of a pig 21 days post-inoculation with PRRSV isolate VR-2332. PRRSV antigen as shown by the presence of granular red reaction product is
present in alveolar macrophages (arrowheads, examples) and in alveolar walls (arrows, examples). APAAP, bar = 100 lm.
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during normal breathing. Decreases in Xrs indicate reduced com-
pliance of the lung. This might be caused by restrictive disorders
due to both stiffness of obstructed airways and pulmonary tissue
components. The lungs of pigs challenged with PRRSV had thick-
ened interalveolar septa and septal infiltration with mononuclear
cells, which may be responsible for reduced compliance.

Findings with respect to central and/or upper airways are re-
flected by both Rrs at 10–15 Hz and Rprox. After PRRSV challenge,
proximal airway resistance in exposed pigs was significantly lower
compared to controls. This phenomenon might be interpreted as
‘upper airway opening’, an attempt to compensate for peripheral
airway obstruction by increasing the diameters of upper airways
(nasal cavities, larynx and pharynx). Due to the functional charac-
ter of this phenomenon, no morphological equivalent is visible at
postmortem examination. In humans, enlargement of the aperture
of the glottis is recognised during a high frequency, low Vt breath-
ing pattern (Stănescu et al., 1972).

A further approach to enlarge the upper airway diameter is
reduction of mucosal thickness by changes in blood flow. In rats,
cervical sympathetic nerve stimulation induces a reduction in
upper airway resistance, which is most likely induced by a-adren-
ergic vasoconstriction of the upper airway mucosal vasculature,
resulting in reduced mucosal thickness (O’Halloran et al., 1998).
Stimulation of cervical sympathetic nerves, however, can be
caused by systemic hypoxia and hypercapnia (Matsumoto et al.,
1987). PRRSV challenged pigs showed a significantly increased par-
tial pressure of CO2 compared to controls in venous blood gas anal-
ysis (data not shown).

Other factors contributing mainly to proximal airway resistance
are anatomical peculiarities in the upper airways and head posi-
tion. While performing PFTs, head position was standardised as
recommended for pigs (Klein et al., 2003). The anatomical struc-
ture of the nasal cavities, however, might contribute to different
upper airway resistances between individuals and could explain
significantly different Rrs data P10 Hz between groups even be-
fore exposure.

Influence of PRRSV on functional residual capacity

FRC represents the volume present in the lung at the end of
spontaneous expiration. Therefore, it might be an indicator of
‘trapped air’, hyperinflation or emphysema. In our trial, no signifi-
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cant changes in FRC could be identified, indicating that airway
obstruction was not severe enough to induce ‘air trapping’ or
obstructive emphysema. This is in accordance with a lack of
emphysema on pathological examination in our study, as well as
studies of others (Pol et al., 1991; Halbur et al., 1995; Rossow,
1998).

Influence of PRRSV on pulmonary gas exchange

In the present study, both TL COHb in relation to body weight (TL
COHb/kg) and metabolic body weight (TL COHb/kg0.75) revealed sig-
nificant decreases in the diffusion of oxygen from the lungs into
the blood in pigs exposed to PRRSV compared to controls. Limiting
oxygen diffusion from the alveoli to the blood can be explained by
increased diffusion distance due to infiltration of alveolar walls by
mononuclear cells. In addition, hyperplasia and hypertrophy of the
alveolar epithelial cells, as well as the presence of alveolar exu-
dates, decreases the amount of gas within alveoli. Alveolar hypo-
ventilation due to a rapid and superficial pattern of breathing
may also contribute to decreased oxygen exchange. In the pig,
which has no collateral airways (McLaughlin et al., 1961), each air-
way obstruction results in regional heterogeneity of alveolar venti-
lation (Robinson, 1982). Consequently, obstruction of ventilation in
pigs exposed to PRRSV most likely resulted in imbalances between
ventilation and perfusion, leading to reduced oxygen transfer from
the lungs into the blood. This would result in respiratory acidosis
characterised by reduced pH and increased partial CO2 pressure
in venous blood, indicating reduced alveolar ventilation.

Conclusions

This is the first study evaluating disorders of lung function
caused by PRRSV in pigs. Significant imbalances in respiratory
mechanics, lung ventilation and pulmonary gas exchange were
correlated with clinical signs and pathological findings. PRRSV iso-
late VR-2332 alone was capable of inducing respiratory distress for
at least 3 weeks after exposure. Studies using other PRRSV strains
would be useful to identify differences in the pathogenesis of infec-
tions caused by different PRRSV isolates. Evaluation of therapeutic
and vaccination strategies will be supported by combining the
functional approach of this study with knowledge generated from
animal studies focussing on inflammatory markers and the im-
mune response.
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