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Abstract
C orticoste rone  reg u la tes  physiological c h an g es  p reparing  wild birds for m igration . It also m o d u la tes  th e  Im m une system  
and  m ay lead to  increased  suscep tib ility  to  Infection, w ith Im plications for th e  sp read  of p a th o g e n s , Including highly 
p a th o g en ic  avian Influenza virus (HPAIV) H5N1. The red knot (Calidris canutus islandica) d isplays m igratory  c h an g e s  in 
captiv ity  an d  w as used  as a m odel to  a ssess th e  effect o f  high p lasm a c o n cen tra tio n  o f co rtico s tero n e  on  HPAIV H5N1 
infection. We Inocu lated  knots during  p re-m igration  (N = 6), fueling (N =  5), m igration  (N =  9) an d  p o st-m lg ra tlon  periods 
(N =  6). Knots from  all g ro u p s  sh ed  sim ilar viral titers for up  to  5 days p ost-inocu la tion  (dpi), peak ing  a t 1 to  3 dpi. Lesions o f 
a cu te  encephalitis , asso c ia ted  w ith virus replication  In neurons, w ere  seen  In 1 to  2 knots pe r g ro u p , leading to  neurological 
d isease  and  d e a th  a t 5 to  11 dpi. T herefore, th e  risk o f HPAIV H5N1 Infection in wild birds an d  o f po ten tia l transm ission  
b e tw een  wild birds and  poultry  m ay be sim ilar a t d ifferen t tim es o f th e  year, Irrespective o f wild b irds' m igratory  sta tus . 
How ever, In knots Inocu lated  during  th e  m igration  period , viral sh ed d in g  levels positively co rre la ted  w ith p re-inocu lation  
p lasm a c o n cen tra tio n  of co rtico s te ro n e . Of th ese , kno ts th a t  did no t b eco m e  productively  in fected  had low er p lasm a 
co n cen tra tio n  o f co rtico s tero n e . C onversely, e lev a ted  p lasm a c o n cen tra tio n  o f co rtico s tero n e  did no t result in an  increased  
p robability  to  d ev e lo p  clinical d isease. T hese  results su g g e s t th a t  birds w ith e lev a ted  p lasm a c o n cen tra tio n  of 
co rtico s tero n e  a t th e  tim e o f m igration  (ready to  m igrate) m ay be m ore suscep tib le  to  acquisition  o f Infection and  sh ed  
h igher viral tite rs— befo re  th e  o n se t o f clinical d isease— th an  birds w ith low c o n cen tra tio n  of co rtico s tero n e  (not ready for 
take-off). Yet, th ey  m ay no t be  m ore p ro n e  to  th e  d e v e lo p m e n t o f clinical d isease. Therefore, assum ing  no  effect o f sub- 
clinical Infection on  th e  likelihood o f m igrato ry  take-off, th is m ay favor th e  sp read  o f HPAIV H5N1 by m igrato ry  birds over 
long d istances.
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Introduction

A lthough wild b ird  species susceptibility to infection and  disease 
caused by  highly pathogenic avian influenza virus H 5N 1 (HPAIV 
H5N 1) has been  studied [1-5], their role in dispersing the virus 
over long distances is difficult to assess. In  W estern E urope, the 
route o f introduction  o f the virus was m ost likely associated with 
m igratory or w ithin-w inter m ovem ents o f wild w aterbirds [6-9]. 
Yet, the effect o f physiological changes associated w ith m igration 
on  virus-host interactions, w hich m ay interfere with the ability o f 
wild birds to disperse the virus over long distances, is no t well 
understood [8, 10, 11].

Im portan t physiological changes p repare  m igratory birds for 
long-distance flights, and  are essential for the developm ent and  
m aintenance o f the m igratory state [12-14], Prior to departure, 
some m igratory b ird  species increase their body mass by up  to

50% o f their lean mass [15]. T hey  pu t on fat stores that will serve 
as fuel during  m igratory flights [14], T h e  relative size o f internal 
organs shift from  those accom m odating  high food consum ption 
rates p rio r to tak e -o ff to those accom m odating  the actual energy- 
dem anding  endurance flights [16,17]. Behavioral changes are 
often observed, including m igratory restlessness, during  which 
m igratory birds display high activity levels [13,18], T h e  glucocor­
ticoid stress horm one corticosterone stimulates appetite  and  
locom otion and  contributes to regulating these physiological 
changes in m igratory birds [13,19]. E levated plasm a concentration 
o f corticosterone has been  reported  in wild songbirds and  
shorebirds caught ju st p rio r to or during m igration [12,13,18,20], 

W hen  elevated for sustained periods o f tim e, corticosterone is 
also a po ten t im m uno-suppressor [21]. For exam ple, house 
sparrows (Passer domesticus) trea ted  with corticosterone reactivated 
latent infection with Plasmodium relictum, causing avian m alaria
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[22,23] .Spring relapse o f ano ther avian blood parasite, Haemopro- 
teus danilewskyi, was associated with high p lasm a concentra tion  of 
corticosterone in w ild-caught blue jays (Cyanocitta cristata) [24], 
Similarly, laten t infection w ith the spirochete Borrelia burgdorferi, 
causative agent o f  Lyme disease, was reactivated upon experi­
m ental inducem ent o f the m igratory state in redw ing thrushes 
( Turdus iliacus) [25]. A higher risk o f acquisition or reactivation of 
infection m ay have im portan t consequences for the spread of 
infectious pathogens over long distances. O n  the one hand, 
increased probability  o f acquisition o r reactivation o f infection 
m ay favor the spread o f pathogens by m igratory birds. O n  the 
o ther hand, increased probability  o f developm ent o f clinical 
disease m ay ham per such spread, as infected birds m ay becom e 
unable to undertake m igration, o r fly long distances [11]. 
A lthough stonechats (Saxicola torquata) exhibiting variable m igratory 
behavior (from highly m igratory to resident) were found equally 
susceptible to experim ental H P A IV  H 5N 1 infection a t the tim e of 
m igration [26], little is know n on the im pact o f corticosterone on 
influenza virus infection in wild birds.

T h e  life cycle and  associated physiological changes o f the red 
knot (Calidris canutus islandica, a  m igratory shorebird), including 
variations in p lasm a concentration  of corticosterone, have been 
extensively studied bo th  in the wild an d  in captivity [16,27-37]. 
K nots kept in captivity m ain tain  natural body mass cycles [29,34], 
even if  they are unable to fly beyond the boundaries o f the aviary, 
and  show elevated plasm a concentration  o f corticosterone a t the 
tim e o f peak body mass during  the spring m igration period  [13]. 
T heir plasm a concentration  o f corticosterone reaches as high as 
three  times the concentration  a t the beginning of the body mass 
increase. T hey  also display m igratory restlessness, exhibiting the 
urge to m igrate. T hese changes reverse a t the onset o f voluntary 
fasting, resulting in  body mass loss an d  preceding body and  wing 
molts [38]. R ed  knots infected with H PA IV  H 5N 1 have no t been 
reported  in the wild [39], and  these shorebirds are unlikely to be 
actual spreaders o f  H PA IV  H 5N 1. How ever, because o f the 
predictability o f the physiological changes associated with the 
m igratory state in captivity in these shorebirds, we used the red 
knot as a  m odel to assess the effect o f  elevated plasm a 
concentration  o f corticosterone associated with the m igratory 
state on  infection w ith H P A IV  H 5N 1.

Results

Red knot as a model for infection under the migratory 
state

In  o rder to dem onstrate any effect o f corticosterone on  infection 
with H PA IV  H 5N 1 under the m igratory state, several p rerequi­
sites m ust be  m et by the chosen m odel. First, the b ird  species m ust 
undergo physiological changes associated with m igration in 
captivity, including an  increase in plasm a concentration  of 
corticosterone. This prerequisite was m et by  the knot m odel and  
results are further detailed below. Second, the b ird  species m ust be 
susceptible to infection with H P A IV  H 5N 1 under non-m igratory 
state. How ever, it m ust dem onstrate an  in term ediate susceptibility 
to the developm ent o f clinical disease upon infection, w ith some 
birds developing clinical disease and  others rem aining sub- 
clinically infected. Such outcom e no t only depends on  the b ird  
species, b u t also on the infection dose and  route o f inoculation. 
This prerequisite is im portan t to m axim ize our ability to detect 
any effect o f corticosterone on  H P A IV  H 5N 1 infection under the 
m igratory state. I f  all birds develop clinical disease under non- 
m igratory state, an  increase in the probability  o f developm ent o f 
disease m ay be difficult to detect under the m igratory state, since 
all birds will also likely develop clinical disease. O n  the o ther hand,

if no b ird  develops clinical disease under non-m igratory  state, an 
increase in  the probability  o f developm ent o f disease m ay no t be 
detected under the m igratory state. For exam ple, the infection 
dose m ay no t be  sufficient to result in clinical disease under non- 
m igratory or m igratory state alike. This prerequisite was m et by 
the knot m odel w hen inoculated intra-esophageally and  intra- 
tracheally w ith IO6 m edian  tissue culture infectious dose (T C ID 50) 
o f H P A IV  H 5N 1. Six knots inoculated in this way during  the p re ­
m igration period  dem onstra ted  th a t the b ird  species, the infection 
dose an d  the route o f inoculation were appropria te  for the aim  of 
the p resent study. All b u t one b ird  in this group becam e 
productively infected, and  two birds developed clinical disease. 
Results are further detailed below.

Migratory state
A total o f 29 knots were used in the present study. Experim ental 

infections w ith H PA IV  H 5N 1 were perform ed during  i) the p re ­
m igration period, in M arch  2007 (N = 6), ii) the fueling period, in 
late M ay 2007 (N = 5), iii) the m igration period  (when birds are 
ready to depart) in late M ay 2009 (N = 9 ), an d  iv) the post­
m igration period, in August 2007, a t the tim e of body and  wing 
m olt (N = 6). An additional group o f 3 knots w ere used as negative 
controls and  sham -inoculated during  the m igration period  in 
2009. All m easures associated with the m igratory state, except 
activity levels and  length and  mass o f organs, w ere recorded before 
inoculation. Activity levels were recorded during  the inoculation 
experim ents. Length  an d  mass o f organs were recorded at 
necropsy a t the end o f the experim ents. Negative control birds 
are included in the m igration period  group for the m igratory state 
analyses.

Overall, the birds underw ent the physiological changes 
associated with m igration. T hey  m aintained their na tu ra l (pre­
inoculation) body mass cycle betw een February  and  A ugust (Fig. 1). 
How ever, the peak in body mass associated w ith the m igratory 
state occurred  approxim ately one m onth  later th an  expected in 
2007. T herefore, the group of 5 knots inoculated in late M ay 2007 
h ad  no t reached  the peak in body mass, and  was in the early stage 
o f body mass gain associated w ith early m igratory state (fueling 
period). A t the tim e o f infection, the pre-inoculation body mass o f 
these knots was h igher th an  th a t o f the knots inoculated during  the 
pre- and  post-m igration periods (Table 1). An extra group of 
12 knots in m igratory state was added  in M ay 2009. T h e  p re ­
inoculation body mass o f these 12 knots inoculated or sham- 
inoculated a t the tim e o f m igration was reaching a  p lateau  in late 
M ay 2009, as expected (m igration period; Fig. 1). A t the tim e of 
inoculation, their body mass was h igher than  th a t o f the knots 
inoculated during  the pre- and  post-m igration periods (Table 1).

After correcting for body mass, red  knots inoculated during  the 
fueling and  m igration periods had  generally lighter o r shorter 
organs associated w ith the digestive tract, including gizzard, 
intestinal trac t and  liver, than  the knots inoculated during  the pre- 
and  post-m igration periods (Fig. 2E -H ).S ignificant differences and  
p  values are given in T able  1. T h e  mass o f the pectoral muscles, 
heart and  b ra in  corrected for body mass did no t differ betw een the 
four groups o f knots.

Behaviour was recorded during  the inoculation experim ents 
every 3 m in during  15 m in every day, and  categorized into active 
or inactive behaviors. Daily ratios o f active behaviors were 
calculated and  averaged for each knot over the duration  o f the 
experim ents. T here  was no significant difference in the activity 
levels o f  the knots inoculated with H P A IV  H 5N 1 during  the 
m igration period  and  those o f the three  negative control knots, 
thus the negative control knots were included in  the m igration 
period  group. R ed  knots displayed active behaviors m ore often
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Figure 1. Changes in red knots' pre-inoculation body mass 
between February and August. Plain line: pre-inoculation body 
mass of knots inoculated in 2007; dashed line: pre-inoculation body 
mass of knots inoculated in 2009; grey shade: standard deviation. The 
number of knots inoculated in 2007 decreases with time as birds are 
used in experiments (N = 17 from 1 February to 16 March; N = 11 from 
17 March to 30 May; N = 6 from 31 May to 22 August). The number of 
knots inoculated in 2009 includes 9 knots and 3 negative control knots 
from 7 April to 28 May. 
doi:10.1371/journal.pone.0027814.g001

during  the  fueling period  a n d  during  the  m igration  period  than  
du ring  the pre- an d  post-m igration periods (Fig. 2B; T ab le  1).

P re-inoculation p lasm a concentra tion  o f  corticosterone did no t 
differ betw een the  three  groups o f  knots inoculated in 2007, with 
an  overall m ean  o f  14.6 n g /m l (SD = 7.7). I t  was significantíy 
h igher in  knots inoculated during  the m igration  period  in  2009, 
reaching a  m ean  o f  34.5 n g /m l (S D = 1 5 , p  =  0.001, Fig. 2C). 
T hese values w ere well w ithin the range o f  those m easured  in  free- 
living red  knots [19]. T h ere  was a  positive correlation betw een 
pre-inoculation body mass an d  plasm a concentra tion  o f cortico­
sterone (rho =  0.28, p  = 0 .02), an d  a  negative correlation betw een 
the  relative mass o f the  knots’ liver an d  pre-inoculation plasm a 
concentra tion  o f  corticosterone (rho = —0.41, p  = 0.02).

C o n s t i tu t iv e  im m u n ity
M easures o f  constitutive im m unity  included pre-inoculation 

w hite blood cell counts, bacteria  killing capacity o f  w hole blood 
against Escherichia coli an d  Staphylococcus aureus, an d  hemolysis- 
hem agglutination properties o f  kno t plasm a. T h e  pre-inoculation 
w hite blood cell counts, p roportion  an d  concentra tion  o f 
lymphocytes, E. coli killing, an d  hemolysis differed betw een the 
four groups o f  knots (Fig. 21—L). T h e  variations in  pre-inoculation 
w hite b lood  cell counts reflected variations in the nu m b er o f 
lymphocytes, as these m ade on average betw een 70% a n d  82%  o f 
the  w hite b lood  cell counts. T h e  pre-inoculation proportion  an d  
concentra tion  o f  lym phocytes w ere lower in knots inoculated

T a b le  1 . Significant d ifferences in m igra tory  s ta te  and co n stitu tiv e  im m unity  in red knots inocu la ted  w ith highly p a th o g e n ic  avian 
influenza virus (HPAIV) H5N1.

Level of significance per comparison between periods

Parameter Fueling period M igration period Post-m igration period

Pre-inoculation body  m ass

Pre-inoculation plasm a concen tration  
o f  co rticosterone

Relative m ass o f  gizzard 

Relative m ass o f  liver 

Relative m ass o f  intestinal trac t

Relative leng th  o f  intestinal trac t 

Activity levels

W hite b lood  cell co u n t 

Lym phocyte co u n t 

Lym phocyte p roportion

Escherichia coli killing

Hemolysis

ll> l, p  =  0.03 

ll>IV, p  =  0.03

IK I, p  =  0.004 

IKIV, p  =  0.008 

IK I, p  =  0.004 

IKIV, p  =  0.008 

IK I, p  =  0.004 

ll> l, p  =  0.009

IKIV, p =  0.01 

IKIV, p  =  0.008 

IK I, p  =  0.009

lll> l, p  = 0.003 

lll>IV, p  =  0.004 

lll>ll, p  =  0.03

lll>IV, p  =  0.001 

IIKIV, p  =  0.001

lll> l, pCO.0001 

IIKIV, p  =  0.001 

IIKIV, p  =  0.03 

IIKIV, p  =  0.006 

IIKI, p  = 0.001 

IIKIV, p  =  0.009

IVCI, p  =  0.02 

IV<III, p  =  0.01 

IV>I, p  =  0.004 

IV>II, p  =  0.01 

IV>III, p  =  0.006

I: knots inoculated  during  th e  pre-m igration  period (N =  6); II: knots inoculated  during  th e  fueling period  (N =  5); III: knots inoculated  during  th e  m igration period (N<12); 
IV: knots inoculated  during  th e  post-m igration  period (N = 6). The th re e  nega tive  contro l knots a re  included in th e  m igration period g ro u p  (III) for th e  analyses o f  pre­
inoculation m easures o f  body  m ass, constitu tive im m unity and  plasm a concen tra tion  o f  corticosterone , and  o f  th e  m easures o f  activity levels (N =  12); th e  necropsied  
nega tive  con tro l kno t is included in th e  m igration g ro u p  (III) for th e  analyses o f  th e  m easures o f  leng th  and  m ass o f  o rgans (N =  10). 
doi:10.1371 /journal.pone.0027814.t001
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Figure 2. M igratory state, constitutive im m unity and viral shedding of highly pathogenic avian influenza virus (HPAIV) H5N1. Knots 
were inoculated during the pre-migration period (I; N = 6), the fueling period (II; N = 5), the migration period (III; N<12), and the post-migration period 
(IV; N = 6). Results are shown for pre-inoculation body mass (A), activity levels (B), pre-inoculation plasma concentration of corticosterone (C), viral 
shedding of HPAIV H5N1 from the pharynx (AUC: area under the curve; D), relative mass of the gizzard (E), liver (F), and intestinal tract (G), relative 
length of the intestinal tract (H), pre-inoculation white blood cell count (dark grey) and lymphocyte count (light grey; I), pre-inoculation proportion of 
lymphocytes (J), pre-inoculation Escherichia coli killing (K) and pre-inoculation hemolysis (L). rel.= relative. Box lower and higher limits are first and 
third quartiles, middle line is the median, and lower and upper whiskers are minimum and maximum values. Negative control knots are included in 
the analyses of pre-inoculation measures of body mass, constitutive immunity and plasma concentration of corticosterone, and of the measures of 
activity levels (N = 12), and the necropsied negative control knot is included in the analyses of the length and mass of organs (N = 10). For viral 
shedding, non-productively infected knots are not included (I: N = 5; II: N = 4; III: N = 5; IV: N = 4). Significant differences and p values are given in 
Table 1.
doi:10.1371 /journal, pone.0027814.g002

during  the fueling period and  during  the m igration period  than  in 
knots inoculated during  the pre- an d  post-m igration periods 
(Table 1). P re-inoculation E. coli killing was weakest in knots 
inoculated during  the post-m igration period, while pre-inoculation 
hemolysis m ediated  by the com plem ent and  other soluble proteins 
was strongest in these birds. Hemolysis positively correlated  with 
the relative mass o f the liver (rho = 0.41, p  = 0.01). N one o f the 
constitutive im m unity param eters correlated  w ith pre-inoculation 
plasm a concentra tion  o f corticosterone.

Clinical signs o f infection
Five knots developed clinical disease or died during  the 

experim ent. Tw o knots inoculated during the pre-m igration 
period  exhibited severe disease, including apathy  an d  neurological 
signs, such as loss o f balance an d  trem ors, an d  were euthanized  at 
5 and  6 days post inoculation (dpi). O ne knot inoculated during

the fueling period  presented  torticollis and  was euthanized  at 
6 dpi. O n e  knot inoculated during  the m igration period was found 
dead  at 11 dpi w ithout showing clinical signs beforehand. O ne 
knot inoculated during  the post-m igration period exhibited 
neurological signs and  died a t 2 dpi. It had  a  co-infection with 
H PA IV  H 5 N 1 an d  coccal bacteria  an d  was further excluded from 
the analysis because the bacterial infection contributed  to severe 
disease an d  rap id  death  o f the bird. T h e  appearance o f clinical 
signs in these knots was sudden and  the affected birds did not 
behave significantly differently on  the preceding days th an  birds 
that rem ained  sub-clinically infected.

Body mass loss was observed in red  knots inoculated with 
H PA IV  H 5N 1 an d  negative control birds. Overall, there  was no 
correlation betw een body mass loss and  the level o f viral shedding. 
Likewise, body mass loss did not differ betw een knots w ith clinical 
disease an d  sub-clinically infected knots; o r betw een knots
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productively infected and  knots th a t rem ained  uninfected or 
negative control knots. Body mass loss was positively correlated 
with body mass a t the tim e o f inoculation o r sham -inoculation 
(rho = 0.68, pCO.OOOl), irrespective o f the infection status o f the 
birds.

Viral shedding
R ed  knots infected w ith H PA IV  H 5N 1 shed virus from  the 

pharynx during  1 to 5 dpi, w ith peak viral titers o f up to IO3'8 
T C ID 50/m l at 1 to 3 dpi (Fig. 3E). H PA IV  H 5N 1 R N A  was 
detected in pharyngeal swabs up to 6 dpi as m easured by real-tim e 
reverse-transcription polymerase chain reaction (RT-PCR). T he 
virus was not isolated from any cloacal swabs, although H PA IV  
H 5N 1 R N A  was occasionally detected in cloacal swabs up  to 6 dpi. 
No virus was isolated from  any swabs o f the negative control knots. 
T h e  level o f  viral shedding was determ ined for each b ird  by 
calculating the area  under the viral shedding curve. T h ere  was no 
statistical difference in the level o r duration  o f viral shedding 
betw een the four groups ofknots (Fig. 2D). T h e  knots that presented 
severe neurological disease or sudden death  following inoculation 
shed higher pharyngeal viral titers th an  the birds that rem ained sub- 
clinically infected (p = 0.005; Fig. 3F). No other statistical difference 
betw een sick and  sub-clinically infected birds was detected.

O n e  knot inoculated during  the pre-m igration  period, one knot 
inoculated during  the fueling period, four knots inoculated during 
the m igration period, an d  one knot inoculated during  the post- 
m igration period  did no t shed H PA IV  H 5 N 1. T h e  p roportion  of 
non-productively infected knots did not differ betw een groups 
(Freem an-H alton extension o f the F isher’s exact test, p  = 0.8, 
[40]).D uring the m igration period, the four knots that did no t shed 
virus had  lower plasm a concentrations o f corticosterone than  the 
birds that did shed virus in this group (p = 0.05).

O verall, w hen all birds were considered together, the level o f 
viral shedding from  the pharynx  did no t correlate w ith pre- 
inoculation p lasm a concentra tion  of corticosterone. How ever, at

w ithin-group level, the level o f viral shedding from  the pharynx 
was positively correlated with pre-inoculation plasm a concentra­
tion o f corticosterone in knots infected during  the m igration period 
(rho = 0.80, p  = 0.004; Fig. 4). T h e  level o f viral shedding from  the 
pharynx  did no t correlate with any o ther physiological or 
constitutive im m unity data.

Viral isolation from internal organs
H P A IV  H 5N 1 was isolated from  the trachea  (IO3'2 T C ID 50/g), 

lungs (IO1'5 T C ID 50/g), air sac (IO3'5 T C ID 50/g), duodenum  
(IO0'8 T C ID 50/g), pancreas (IO5'2 T C ID 50/g), heart (IO0'8 
T C ID 50/g) an d  kidney (IO2 "5 T C ID 50/g) o f the knot with clinical 
disease inoculated during the pre-m igration  period  an d  that was 
euthanized  a t 5 dpi. No virus was isolated from  any organs o f  the 
o ther clinically affected knot from  that group. T h e  virus was 
isolated from  the b ra in  (IO5'2 T C ID 50/g ) o f the knot inoculated 
during  the fueling period  and  that presented  torticollis at 6 dpi. 
T h e  virus was isolated from  the b ra in  (IO3'8 T C ID 50/g ) o f the knot 
inoculated during  the m igration period an d  that died at 11 dpi. 
No virus was isolated from  any organs o f the knots showing no 
clinical disease, w hich were euthanized  a t 11 dpi, or from  any 
organs o f the negative control bird.

Gross pathology
O n e knot inoculated during  the fueling period  and  th a t showed 

clinical signs h ad  m ild diffuse acute pancreatic  congestion. All 
o ther knots inoculated with H P A IV  H 5N 1, and  the negative 
control knot had  no significant gross lesions.

Histopathology
T h e  four knots that presented  clinical disease o r died  during  the 

experim ent h ad  m ultiple foci o f severe acute encephalitis, 
characterized  by  neuronal chromatolysis, perivascular cuffing, 
neuronophagia, neuropil vacuolisation and  foci o f gliosis in the
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Figure 3. Clinical disease and viral shedding of highly pathogenic avian influenza virus (HPAIV) H5N1 from the pharynx of infected 
knots. Mean viral titers of productively infected knots (N = 17) are shown (A); days of onset of clinical disease are marked by arrows. Bars represent 
the upper standard deviation. Red knots presenting clinical disease (N = 4) shed higher titers of HPAIV H5N1 than productively infected knots that 
remained asymptomatic (B; N = 13; p = 0.005). Box lower and higher limits are first and third quartiles, middle line is the median, and lower and upper 
whiskers are minimum and maximum values. AUC: area under the curve. 
doi:10.1371/journal.pone.0027814.g003
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Figure 4. Viral shedding of highly pathogenic avian influenza 
virus (HPAIV) H5N1 and plasma concentration of corticoste­
rone. The level of viral shedding from the pharynx and plasma 
concentration of corticosterone in red knots are positively correlated 
only in knots inoculated during the migration period (black diamonds; 
rho = 0.80, p = 0.004). No correlation was detected in knots infected 
outside the migration period (grey diamonds), or overall for all birds 
taken together. AUC: area under the curve. 
doi:10.1371/journal.pone.0027814.g004

brainstem , cerebellum  an d  cerebrum  (Fig. 5A). Loss o f  Purkinje 
cells was observed in the cerebellum . Sim ilar lesions o f necrosis 
and  inflam m ation were seen in the cervical spinal cord o f the b ird  
with torticollis. O n e  b ird  with clinical signs h ad  m ultiple foci o f 
acute necrotizing pancreatitis, associated with heterophilic infil­
trates (Fig. 5B). O n e  knot inoculated during the post-m igration 
period  that showed no clinical signs h ad  multiple foci o f 
perivascular cuffing in the cerebrum . No significant lesions were 
observed in any organ o f any o ther knot.

Immunohistochemistry
T h e  lesions in the b ra in  o f the knots that presented  clinical 

disease o r died during  the experim ent w ere associated with the 
presence o f influenza virus antigen in neurons, glial cells, 
ependym al cells, o r a  com bination  o f these, as determ ined by 
red  diffuse staining in the nucleus an d  to a  lesser extent the 
cytoplasm  of these cells by im m unohistochem istry (Fig. 5C). In  one 
b ird  w ith clinical disease, influenza virus antigen was detected in 
the nuclei o f a  few pancreatic  exocrine cells in the periphery  of 
necrotic lesions in the pancreas. In  ano ther b ird  w ith clinical 
disease, influenza virus antigen was detected in m ononuclear 
cells— identified as m acrophages— in the liver and  spleen. 
Influenza virus antigen was not detected  in any organ of the 
knots that did not show clinical signs o r die, o r in any organ o f the 
negative control knot.

Discussion

T h e  results o f this study show that, at the betw een-group level, 
red  knots inoculated during  the pre-m igration  period, fueling 
period, m igration period  an d  post-m igration period  appeared  
equally susceptible to infection with H PA IV  H 5 N 1. T h e  levels o f 
viral shedding, the p roportion  o f birds that acquired  infection and  
the p roportion  that developed clinical disease were similar in each 
group. T ak ing  all birds together, pre-inoculation plasm a concen­
tration  of corticosterone did no t correlate w ith probability  o f

Figure 5. Pathology of highly pathogenic avian influenza virus 
H5N1 infection In red knots. Lesions of acute pancreatitis, showing 
a discrete focus of pancreatic exocrine cell necrosis (A); lesions of acute 
encephalitis, showing perivascular accumulation of lymphocytes (B); 
and presence of influenza virus antigen in nuclei of neurons (large cells) 
and glial cells (small cells; C). Slides were stained with hematoxylin and 
eosin (A and B), or by immunohistochemistry using a monoclonal 
antibody against the nucleoprotein of influenza A virus as the primary 
antibody (C).
doi:10.1371/journal.pone.0027814.g005

acquisition o f infection, probability  o f developm ent o f clinical 
disease, level o f  viral shedding, o r param eters o f  constitutive 
im m unity. In  particular, knots w ith high levels o f corticosterone 
during  the m igration period did no t shed higher viral titers than  
knots inoculated during pre-m igration, fueling or post-m igration 
periods. T hese results are similar to those reported  by K althoff and  
colleagues w here stonechats exhibiting different m igratory behav­
ior were shown equally susceptible to experim ental infection with 
H PA IV  H 5 N 1 at the tim e o f m igration [26]. Therefore, the risk o f
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H PA IV  H 5N 1 infection in  wild birds an d  of potential transmission 
betw een wild birds and  poultry  m ay be similar a t different times o f 
the year, irrespective o f wild b irds’ m igratory status.

H ow ever, a t the w ithin-group level, there  was a  significant 
positive correlation betw een pre-inoculation plasm a concentration 
o f corticosterone and  the level o f viral shedding from  the pharynx 
in knots inoculated during  the m igration period. Furtherm ore, the 
birds w ithin this group th a t were productively infected (5 ou t o f 9) 
had  significantly h igher pre-inoculation plasm a concentra tion  of 
corticosterone than  those th a t were no t productively infected. T o 
our knowledge, this is the first report o f an  association betw een 
plasm a concentra tion  o f corticosterone and  severity o f viral 
infection in birds. This finding indicates th a t high levels o f 
corticosterone during  the m igration period  m ay be associated with 
increased probability  o f  acquisition of infection w ith H PA IV  
H 5N 1 an d  higher levels o f viral shedding. Because birds w ith high 
levels o f corticosterone during  the m igration period are physio­
logically ready for take-off an d  long-distance flight [13], increased 
probability  o f acquisition of infection and  h igher viral shedding in 
these birds m ay favor long-distance spread of the virus over large 
geographical areas.

T h e  m echanism  for increased probability  o f  acquisition of 
infection during the m igration period  w hen levels o f corticosterone 
are high is unclear. T here  m ay be an  association with lym phocyte 
counts in the blood, w hich were significantly lower during  the 
m igration period: B and  T  lymphocytes are know n to be essential 
in controlling avian influenza virus infection in birds [41]. 
How ever, pre-inoculation lym phocyte counts did no t correlate 
with plasm a concentration  o f corticosterone or viral shedding in 
this study. It is possible th a t additional factors associated with the 
m igratory state, and  in particular with elevated plasm a concen­
tration  o f corticosterone, m ay affect the knots’ probability  o f 
acquiring infection a t the tim e of m igration.

E levated pre-inoculation plasm a concentra tion  o f corticosterone 
did no t result in an  increase in the probability  o f  developm ent o f 
clinical disease. O ne to two birds developed neurological disease 
and  died o f the infection in  each group, including during  the 
m igration period. Based on the p roportion  o f birds th a t presented  
clinical signs under non-m igratory  state, our experim ental design 
w ould have allowed to detect a  three- to four-fold increase in 
probability  o f developm ent o f  clinical disease during  the m igration 
period, with a  statistical pow er o f 80%  or m ore, using the statistical 
pow er test for 2 proportions. T herefore, birds in m igratory state, 
w ith elevated plasm a concentration  o f corticosterone, m ay no t be 
m ore prone  to develop clinical disease following H PA IV  H5N1 
infection than  birds under non-m igratory  state.

A  num ber o f productively infected, non-productively infected, 
and  negative control knots showed body mass loss during  the 
experim ent, while others, including productively infected knots 
th a t shed high viral titers, m ain tained  or gained body mass. T here  
was no association betw een body mass loss and  infection in the 
p resent study. T hus, body mass loss was likely associated and  
triggered by  the experim ental procedures (e.g., transport and  
change in environm ent) and  no t by  infection w ith H PA IV  H 5 N 1. 
How ever, body mass loss associated w ith H PA IV  H 5N 1 infection 
m ay no t have been  detected due to the small sam ple size and  
individual variations in knots’ response to infection.

R ed  knots th a t developed clinical disease h ad  higher levels o f 
viral shedding from  the pharynx  than  knots th a t rem ained  sub- 
clinically infected. This has also been described in o ther 
experim entally infected w aterbirds [4], Clinically affected red 
knots developed severe neurological disease, associated w ith viral 
replication in neurons and  o ther cells o f the central nervous 
system, dem onstrating  neurotropism  o f H PA IV  H 5N 1 in this

species. N eurological disease has been  described in wild birds 
following natural an d  experim ental infection w ith H P A IV  H 5 N 1, 
in association with viral replication in b ra in  neurons [2-4,42,43]. 
Im portantly , affected knots suddenly developed clinical disease at 
5 to 11 dpi, an d  did no t show visible changes in behavior on  the 
preceding days. It is unlikely th a t even m inor clinical signs in these 
knots w ould have been missed during  the daffy behavioral 
observations o f 15 m in duration , because of their high level o f 
activity an d  the na ture  o f  their behavior (e.g., sand probing). 
Likewise, m ost o ther species o f experim entally infected birds that 
developed clinical disease upon infection w ith H PA IV  H 5N 1 
showed debilitating signs o f disease a t 4 to 8 dpi, w ithout visible 
signs during  the preceding days [2 M ]. Shedding o f H P A IV  H 5 N 1 
by experim entally infected knots lasted from  1 to 5 dpi and  peaked 
a t 1 to 3 dpi. This is com parable to o ther species o f experim entally 
infected birds, w hich typically shed virus up to 4 o r 5 dpi w ith a 
peak a t 1 to 2 dpi [2-4]. T herefore, a  m ajor p roportion  o f viral 
shedding occurs while birds are clinically norm al an d  apparently  
able to fly, thus potentially allowing for the long-distance dispersal 
o f  H P A IV  H 5N 1. Nevertheless, any insults to the health  o f 
m igratory birds th a t are ready for potentially dangerous and  
extrem ely dem anding  long-distance m igration [17] m ay prevent 
them  from  undertaking m igration a t all [44]. Thus, it rem ains to 
be shown in free-living m igratory birds w hether sub-clinical 
infection reduces the likelihood o f taking off for long m igratory 
journeys. A nother caveat th a t canno t be  addressed by the present 
study is the fact th a t knots under experim ental settings were fed ad 
libitum, w hich m ay differ from  conditions m et in nature.

In  conclusion, the risk o f H P A IV  H 5N 1 infection in wild birds 
and  o f potential transm ission betw een wild birds an d  poultry  m ay 
be similar a t different times o f the year, irrespective o f wild b irds’ 
m igratory status. How ever, during  the m igration period, m igra­
tory birds m ay be m ore susceptible to acquisition of infection with 
H PA IV  H 5N 1 and  shed h igher viral titers w hen ready to 
undertake m igration (i.e., w hen displaying elevated plasm a 
concentration  o f corticosterone), b u t no t be m ore susceptible to 
the developm ent o f clinical disease, w hich starts a t the end or after 
the period  o f viral shedding. Assum ing th a t sub-clinical infection 
does no t affect the likelihood o f m igratory take-off, this m ay favor 
the geographical spread of the virus by m igratory birds during  the 
m igration period, an d  increase the chance o f virus incursion into 
wild o r dom estic b ird  populations along m igratory pathways, 
resulting in epidem ics. This possibly occurred  during  the H PA IV  
H 5N 1 outbreaks in E urope, the M iddle East and  Africa in w inter 
2005-2006 [6-9], Similarly, since fall 2010, H PA IV  H 5N 1 
outbreaks have been  reported  in wild birds in Jap a n , preceding 
recurring  outbreaks in poultry  [45]. T h e  im plications o f these 
results are th a t prevention of contact betw een poultry  an d  wild 
birds is essential all-year ro u n d  to p reven t cross-species transm is­
sion o f H P A IV  H 5N 1 betw een wild birds an d  poultry, and  is 
especially im portan t a t the tim e o f m igration in o rder to reduce 
long-distance spread o f the virus to novel geographic areas.

Materials and M ethods

Ethics statement
This study was carried  ou t in strict accordance with E uropean 

guidelines (EU directive on  anim al testing 8 6 /6 0 9 /E E C ) and  
D utch  legislation (Experiments on Anim als Act, 1997). T he 
protocol was approved by the C om m ittee on the Ethics o f A nim al 
Experim ents o f the D utch  R oyal A cadem y o f Science (DEC of 
KN AW ; Perm it N um ber: N IO Z  04.03), and  by  the C om m ittee on 
the Ethics o f Anim al Experim ents o f the Erasm us M edical C entre 
(DEC of E M C ; Perm it Num bers: E M C N r. 1068 122-07-01 and
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E M C N r. 1745 122-09-06). Anim al welfare was observed on  a 
daily basis, and  all experim ental procedures were perform ed under 
anesthesia w ith isoflurane to m inim ize anim al suffering.

Red knots
Tw enty-nine 2-to-3-year-old red  knots, cap tu red  with m ist nets 

n ear high tide roosts in the D utch  W adden  Sea and  along the 
French A dantic  coast in late Ju ly  2006 and  O ctober 2008, were 
kept in aviaries a t the R oyal N etherlands Institute for Sea 
R esearch (NIOZ) as described [13,20] until the start o f the 
inoculation experim ents in 2007 (N = 1 7 ) and  2009 (N = 12), 
respectively. T here , they were exposed to na tura l seasonal 
photoperiods. O nce pe r week, the b irds’ body mass was m easured 
and  the extent o f  m olt was scored [13,20]. T h e  birds were shipped 
to the D epartm en t o f Virology o f the E rasm us M edical C entre  one 
day before the start o f the experim ental procedures. C are  was 
taken to subject all knots from  bo th  cohorts to the same capture, 
handling, housing, transport and  experim ental conditions. In 
particular, all birds w ere held in captivity a t the N IO Z  aviaries 
under the same conditions for 8 to 12 m onths after capture with 
m ist nests a t the end o f sum m er/beg inn ing  o f fall, an d  before the 
start o f the experim ents; they were inoculated with virus 
originating from  the same batch.

Highly pathogenic avian influenza virus H5N1
A virus stock of influenza virus A /tu rk e y /T u rk e y /1 /2 0 0 5  

(H5N1) was p repared  by two passages in 10-day-old em bryonated  
chicken eggs. T h e  harvested allantoic fluid was titra ted  on  M adin- 
D arby  canine kidney (M DCK) cells according to standard  
m ethods [46] an d  reached  an  infectious virus titer o f  IO8'4 
T C ID 50/m l. It was diluted with phosphate-buffered saline (PBS) to 
obtain  a  final titer o f IO6'5 T C ID 50/m l. All experim ents with 
H PA IV  H 5N 1 were perform ed under Biosafety Level 3+ 
conditions.

Experimental design
Experim ental infections o f red  knots w ith H PA IV  H 5N 1 were 

perform ed during  i) the pre-m igration period, in M arch  2007 
(N = 6), ii) the fueling period, in late M ay 2007 (N = 5), iii) the 
m igration period  in late M ay 2009 (N = 9), an d  iv) the post­
m igration period, in  August 2007, a t the tim e of body and  wing 
m olt (N = 6). A n additional group o f 3 knots w ere used as negative 
controls and  sham -inoculated during the m igration period  in 
2009. T h e  group inoculated in late M ay 2007 was retrospectively 
shown to have no t reached  the peak in pre-inoculation body mass 
and  plasm a concentra tion  o f corticosterone (hence qualified as 
fueling period); the group inoculated in late M ay 2009 did reach 
the p lateau  in pre-inoculation body mass and  p lasm a concentra­
tion o f corticosterone (hence qualified as m igration period; see 
results above).

Between 5 and  7 days before infection, the knots w ere bled  from 
the brachial vein into heparin ized  capillary tubes, to collect about 
600 pi o f  blood. Blood smears w ere done im m ediately after 
sam pling an d  the rem aining b lood was further processed w ithin an 
hour o f sampling, for the m easurem ent o f constitutive im m unity 
(see below). T he assays o f  im m une function used in this study are 
robust to periods o f capture  and  handling stress o f a t least 30 m in 
[47] and  all samples w ere taken w ithin 20 m in  o f entering  the 
aviaries.

Between 3 and  5 days before infection, the knots w ere bled  from 
the brachial vein into heparin ized  capillary tubes, to collect 200 to 
300 pi o f blood. Blood was sam pled and  centrifuged, an d  plasm a 
was stored a t —80°C until the samples were further processed for 
the m easurem ent o f plasm a concentration  o f corticosterone (see

below). Plasm a concentration  o f corticosterone rises in samples 
collected 3 m in or m ore after entry o f people into the aviary, due 
to capture and  handling stress, thus only samples taken within 
3 m in o f entry into the aviary were used to obtain  baseline values 
o f  plasm a concentra tion  o f corticosterone [13,48].

O n e  day before infection, the knots were shipped to the 
Erasm us M edical C entre. T here , serum  samples were collected 
and  analyzed by using a competitive enzym e-linked im m une- 
sorbent assay (ELISA) to determ ine w hether the birds had  been 
previously infected w ith influenza A virus. Serum  was analyzed by 
use o f a  com m ercially available influenza A antibody ELISA  kit for 
the detection of antibodies against the nucleoprotein o f influenza 
A virus (European V eterinary  Laboratory, W oerden, T h e  N ether­
lands) according to the m anufacturer’s instructions. T h e  sensitivity 
and  specificity o f this test are unknow n for red  knots. O ne red  knot 
inoculated during  the pre-m igration period and  two knots 
inoculated during  the m igration period had  prio r antibodies 
against influenza A virus. T h e  knot inoculated during  the p re ­
m igration period  th a t had  prio r antibodies against influenza virus 
did no t becom e productively infected. In  contrast, the two knots 
inoculated during  the m igration period  th a t had  prio r antibodies 
against influenza virus becam e productively infected and  shed 
virus titers similar to those o f the birds o f th a t group w ithout prior 
antibodies (p = 0.7). Because the presence o f p rio r antibodies 
against influenza virus was no t associated with detectable 
p rotection  against H P A IV  H 5N 1 infection and  did no t im pact 
on  the levels o f viral shedding, we included these birds in the study.

G roups o f three  to six knots were p laced in  one negatively- 
pressurized isolator unit, adap ted  to house these shorebirds. T he 
floor o f the un it was m ade o f a  fine gridded m esh, adap ted  to the 
size o f the b irds’ feet. A shallow basin filled w ith sand and  w ater 
was added  to satisfy the knots’ prob ing  behavior. A nother shallow 
basin filled w ith w ater was added  for bathing. T h e  knots were fed 
ad libitum w ith protein-rich  tro u t food pellets [13] and  a w ater 
fountain was provided. L ighting was kept on  daily for 12 hours 
during  the pre-m igration period, 17 hours during  the fueling and  
m igration periods, and  14 hours during  the post-m igration period, 
to reproduce the seasonal photoperiods.

O n  day 0, the knots were inoculated intra-esophageally and  
in tra-tracheally  by use o f a  catheter with 10 T C ID 50 of H PA IV  
H 5N 1 in a  volum e o f 0.3 ml via each route. T h e  3 negative 
control birds were sham -inoculated in  the same m anner with PBS, 
and  housed in a  separate isolator. All birds were observed daily for 
clinical signs, such as apathy, respiratory, intestinal an d  neurolog­
ical signs. In  addition, the behavior o f each knot was recorded 
every 3 m in during  15 m in every day, w hen the birds were 
undisturbed an d  unaw are o f the presence o f the investigator. T he 
body mass was m easured  and  pharyngeal and  cloacal swabs were 
collected daily from  day 0 to day 8 and  every 2 days thereafter. 
Pharyngeal and  cloacal swabs were placed in 3 ml o f virus 
transport m edium  (H ank’s balanced  salt solution containing 10% 
glycerol, 200 U /m l penicillin, 200 ffg /m l streptom ycin, 100 U /m l 
polymyxin B sulphate, 250 fig /m l gentamycin), and  kept on ice. 
After vigorously shaking the tubes contain ing the swabs w ith a  test 
tube shaker, 200 pi o f  the suspension were sam pled an d  added to 
300 pi o f  lysis buffer for R N A  isolation and  R T -P C R . T he 
rem ainder was frozen a t — 80°C until viral titration. K nots 
inoculated w ith H PA IV  H 5N 1 were euthanized  by exsanguination 
under anesthesia with isoflurane, w hen pharyngeal and  cloacal 
swabs w ere determ ined negative by  R T -P C R  on two consecutive 
sam pling days, o r w hen severe clinical signs w ere observed. O n e  of 
the three  negative control birds was euthanized by exsanguination 
under anesthesia w ith isoflurane on  the same day as the birds
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inoculated during  the m igration period, while the rem aining two 
were shipped back to N IO Z  a t the end o f the experim ent.

Six 4-to-6-week-old white leghorn chickens were inoculated 
intra-esophageally an d  in tra-tracheally  by use o f a  catheter with 
IO6 T C ID 50 o f H PA IV  H 5N 1 in a  volum e of 0.3 ml via each 
route. T hey  served as positive controls to confirm  the pathoge­
nicity o f the H P A IV  H 5N 1 batch. T hey  were euthanized by 
exsanguination under anesthesia w ith isoflurane two days 
following infection or w hen severe clinical signs w ere observed. 
Inoculation resulted in systemic H PA IV  H 5N 1 infection in 
chickens (data no t shown), th a t showed severe clinical signs within 
48 hours o f inoculation. T his dem onstra ted  th a t the batch  had  
re ta ined  full pathogenicity.

Measures o f pre-inoculation constitutive immunity
C onstitutive im m unity was m easured  as described by  Buehler 

and  colleagues [28]. Briefly, the bacteria  killing capacity o f whole 
b lood against E. coli and  S. aureus was assessed by incubating 
diluted blood samples with E. coli suspension for 10 m in, o r with S. 
aureus suspension for 120 m in a t 41°C , and  inoculating the 
m ixtures onto agar plates in duplicate. C ontrol plates were 
inoculated w ith E. coli o r S. aureus suspension. T h e  plates were 
incubated  a t 36°C overnight and  the colonies were counted  the 
next day. T he p roportion  o f killed m icroorganism s was calculated 
as the num ber o f colonies on  the test plates relative to the num ber 
o f  colonies on  the control plates.

W hite b lood cell counts were perform ed on the knots’ blood 
smears exam ined by light m icroscope a t 1000 x  m agnification with 
oil im m ersion. T h e  first 100 white blood cells were counted  and  
classified as heterophils, eosinophils, lymphocytes, o r monocytes. 
In  addition, the num ber o f throm bocytes seen during  the white 
b lood cell counts was recorded as an  estim ate o f the relative 
num ber o f throm bocytes pe r white blood cell. In  com bination  with 
the blood smears, white blood cell concentrations were obtained 
using the indirect eosinophil U nopette  m ethod [49],

T h e  hem olysis-hem agglutination assay was perform ed as 
described by  M atson and  colleagues [50]. Briefly, the hemolytic 
and  hem agglutinating abilities o f  the knots’ plasm a w ere assessed 
by incubating  serial dilutions o f the plasm a samples with 1% 
suspension of rabb it red  blood cells in 96-well plates, a t 41 °C for 
90 m in. T h e  plates were scanned for hem agglutination (m ediated 
by pre-existing antibodies) after 20 m in, an d  for hemolysis 
(m ediated by  the com plem ent an d  o ther lytic plasm a proteins) 
after 90 min.

Measure o f pre-inoculation plasma concentration of 
corticosterone

T otal plasm a concentra tion  o f corticosterone was determ ined 
using an  enzym e-im m unoassay [51,52] following M üller and  
colleagues [53]. Corticosterone in 10 pi plasm a and  190 pi w ater 
was extracted with 4 ml d ichlorm ethane, re-dissolved in PBS and  
given in triplicates in the enzym e-im m unoassay. T h e  dilution of 
the corticosterone antibody (Chemicon; cross-reactivity: 11- 
dehydrocorticosterone 0.35% , progesterone 0.004% , 18-O H - 
D O C  0.01% , cortisol 0.12% , 18-OH-B 0.02%  and  aldosterone 
0.06%) was 1:8000. W e used horseradish peroxidase (1:400000) 
linked to the corticosterone antibody as enzym e label and  2 ,2 ,-
Azino-fc(3-ethylbenzo-thiazoline-6-sulfonicacid)diam m onium  salt
as substrate. T he analyses were done in one assay on three  plates. 
T h e  concentration  o f corticosterone in plasm a samples was 
calculated by  using the standard  curve ru n  in duplicate on  each 
plate. Plasm a from  chickens w ith two different corticosterone 
concentrations was included as in ternal control on each plate in

duplicate. T h e  coefficient o f  variation was 13.4% for the lower 
control, an d  5.0% for the upper control.

Pathology and immunohistochemistry
Necropsies an d  tissue sam pling were perform ed on all 

inoculated knots, one negative control knot, and  three  inoculated 
chickens according to a  standard  protocol. In ternal organs were 
exam ined for lesions and  sam pled. T h e  mass and  length o f the 
knots’ em ptied  intestinal trac t (from duodenum  to cloaca), and  the 
mass o f the knots’ pectoral muscle, em ptied  gizzard, liver, heart, 
and  bra in  were m easured. T he mass o f the organs was corrected 
for body mass by  dividing the mass values o f each organ by the 
b ird  body mass. After fixation in 10% neutral-buffered form alin 
and  em bedding in paraffin, tissue sections were stained with 
hem atoxylin an d  eosin for histological evaluation or with an 
im m unohistological m ethod using a m onoclonal antibody against 
the nucleoprotein o f influenza A virus as a  prim ary  antibody for 
detection o f influenza viral antigen [54]. L ung tissue o f a  chicken 
experim entally infected with influenza virus A /tu rk e y /T u rk e y /1 / 
2005 (H5N1) was included as a  positive control. Isotype-m atched 
and  omission controls w ere included as negative controls. T he 
following tissues were exam ined by these two m ethods: trachea (3 
sections), lungs (3 sections), air sac, duodenum  and  pancreas (3 
sections), je junum  (3 sections), ileum  and  cecum  (3 sections), colon 
(3 sections), spleen, heart, liver, kidney, adrenal gland, and  b ra in  (2 
sections).

RNA isolation and RT-PCR
R N A  isolation and  R T -P C R  were perform ed on  the swab 

suspensions stored in lysis buffer as described [55]. Briefly, R N A  
was isolated by using a M agnaPure LC system w ith the 
M agnaPure  LC T otal Nucleic Acid Isolation K it (Roche 
Diagnostics, A lm ere, the Netherlands). Real-tim e R T -P C R  assays 
were perform ed on an  ABI Prism  7000 Sequence D etection 
System m achine (Applied Biosystems, Foster City, CA, USA) by 
using the T aq M an  EZ R T -P C R  C ore R eagents K it (Applied 
Biosystems, N ieuw erkerk a / d  IJssel, the N etherlands) according to 
the m anufactu rer’s instructions. T h e  test used a hybridization 
probe (5 '-6 -F A M -T T T -G T G -T T C -A C G -C T C -A C C -G T G -C C - 
T A M R A -3 ') an d  specific prim ers (forward: 5'-A A G -A C C -A A T- 
C C T -G T C -A C C -T C T -G A -3 ' an d  reverse: 5 '-C A A -A G C -G T C - 
T A C -G C T -G C A -G T C -C -3 ') to detect the m atrix  gene o f H PA IV  
H 5N 1. For each run, the samples were p repared  an d  processed in 
parallel w ith two negative and  positive control samples. A C t value 
o f 40 or m ore was considered negative.

Viral isolation
T h e  same tissues exam ined for histopathology were sam pled for 

viral titration. Tissue samples were weighed and  hom ogenized in 
3 ml o f transport m edium  with a  hom ogenizer (K inem atica 
Polytron, Lucerne, Switzerland). Ten-fold serial dilutions o f  all 
tissue hom ogenates and  o f the swab suspensions th a t were 
determ ined positive by R T -P C R  were inoculated into M D C K  
cells in triplicate as described previously [46]. T he m inim al 
detectable titer was IO0'8 T C ID 50/m l.

Statistical analysis
Statistical differences in the sizes o f in ternal organs, viral 

shedding titers, constitutive im m unity da ta  or plasm a concentra­
tion of corticosterone betw een the four groups o f inoculated knots 
were assessed w ith the non-param etric  Kruskal-W allis test. In  case 
o f significant differences as detected by the Kruskal-W allis test, 
statistical differences betw een two groups were assessed w ith the
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non-param etric  M ann-W hitney test. C orrelations betw een the 
sizes o f internal organs, viral shedding titers, constitutive im m une 
da ta  and  plasm a concentration  o f corticosterone were assessed 
with the non-param etric  Spearm an rank  correlation test. Bonfer- 
onni correction was used w hen m ultiple statistical com parisons 
were done on one set o f data. Differences were considered 
significant w hen p < 0 .0 5  before B onferonni correction.

T h e  present sample design w ould allow to detect a  three- to 
four-fold increase in probability  o f acquisition o f infection o r o f 
developm ent o f clinical disease during the m igration period  
com pared to birds un d er non-m igratory  state, w ith a  statistical 
pow er o f 80%  or m ore, using the statistical pow er test for 2 
proportions. It is possible th a t subtíer differences were no t detected 
due to small group sizes.
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