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ORIGINAL ARTICLES

Overcrowding stress decreases macrophage activity and
increases Salmonella Enteritidis invasion in broiler chickens

A. V. S. Gomes1#, W. M. Quinteiro-Filho1#, A. Ribeiro1, V. Ferraz-de-Paula1, M. L. Pinheiro1,
E. Baskeville1, A. T. Akamine1, C. S. Astolfi-Ferreira2, A. J. P. Ferreira2 and J. Palermo-Neto1*

1Neuroimmunomodulation Research Group, Department of Pathology, School of Veterinary Medicine, University of São
Paulo, São Paulo, SP, Brazil, and 2Laboratory of Ornitopathology, School of Veterinary Medicine, University of São Paulo,
São Paulo, SP, Brazil

Overcrowding stress is a reality in the poultry industry. Chickens exposed to long-term stressful situations present
a reduction of welfare and immunosuppression. We designed this experiment to analyse the effects from
overcrowding stress of 16 birds/m2 on performance parameters, serum corticosterone levels, the relative weight of
the bursa of Fabricius, plasma IgA and IgG levels, intestinal integrity, macrophage activity and experimental
Salmonella Enteritidis invasion. The results of this study indicate that overcrowding stress decreased performance
parameters, induced enteritis and decreased macrophage activity and the relative bursa weight in broiler chickens.
When the chickens were similarly stressed and infected with Salmonella Enteritidis, there was an increase in feed
conversion and a decrease in plasma IgG levels in the stressed and Salmonella-infected birds. We observed
moderate enteritis throughout the duodenum of chickens stressed and infected with Salmonella. The overcrowding
stress decreased the macrophage phagocytosis intensity and increased Salmonella Enteritidis counts in the livers of
birds challenged with the pathogenic bacterium. Overcrowding stress via the hypothalamic–pituitary–adrenal axis
that is associated with an increase in corticosterone and enteritis might influence the quality of the intestinal
immune barrier and the integrity of the small intestine. This effect allowed pathogenic bacteria to migrate through
the intestinal mucosa, resulting in inflammatory infiltration and decreased nutrient absorption. The data strengthen
the hypothesis that control of the welfare of chickens and avoidance of stress from overcrowding in poultry
production are relevant factors for the maintenance of intestinal integrity, performance and decreased susceptibility
to Salmonella infection.

Introduction

The concept of animal welfare is a reality in poultry
production. Welfare assessment studies in chickens have
been traditionally conducted by observing their mortality,
physiology, behaviour and health, with emphasis placed on
a bird’s leg health and walking ability (Ekstrand et al.,
1998; Weeks et al., 2000; Kestin et al., 2001; Martrenchar
et al., 2002; Shepherd & Fairchild, 2010). Welfare concepts
are being expanded to include glucocorticoid hormone
release, performance parameters, immunological functions
and disease susceptibility (Kaiser et al., 2009; Shini et al.,
2010; Quinteiro-Filho et al., 2012a). Because of these
findings, stressful situations—including inadequate housing
conditions, overcrowding, environmental temperature
extremes, nutritional deprivation and others—must be
carefully considered in the practices of broiler chicken
production (Dawkins et al., 2004; Hoerr, 2010; Quinteiro-
Filho et al., 2010; Lay et al., 2011).

Overcrowding stress is one of the most important
stressors in poultry production. Studies conducted on over-
crowding stress showed decreased performance parameters;

that is, decreased body weight gain, decreased feed intake
and decreased food conversion in broiler chickens (Thaxton
et al., 2005; Guardia et al., 2011). Mortality, leg problems,
susceptibility to diseases and behavioural changes were
related to stress conditions from overcrowding (Estevez,
2007). Few authors have considered and analysed the
effects of overcrowding on the immune system activity of
chickens (Dafwang et al., 1987; Heckert et al., 2002;
Houshmand et al., 2012). Heckert et al. (2002) showed
that high stocking densities in broiler chickens decreased
the relative weight of the bursa of Fabricius, one of the most
important lymphoid organs of chickens, and they related
this finding to possible immunosuppression.

Environmental stressors were shown to negatively affect
a bird’s immune system, compromising its performance and
ability to overcome bacterial infections (Humphrey, 2006;
Dunkley et al., 2007; Burkholder et al., 2008; Quinteiro-
Filho et al., 2012a; Soleimani et al., 2012). We showed that
heat stress (31°C and 36°C for 35 to 42 days) decreased
performance parameters and macrophage activity and
induced intestinal injury; these effects were attributed to
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hypothalamic–pituitary–adrenal (HPA) axis activation. Heat
stress was linked to a decrease in immune activity in poultry
and mammals, following invasion by pathogenic bacteria
(such as Salmonella spp.) through the intestinal epithelium
(Burkholder et al., 2008; Quinteiro-Filho et al., 2012a;
Verbrugghe et al., 2012).
Salmonella enterica serovar Enteritidis is the predomin-

ant serovar associated with food-borne illness and salmon-
ellosis worldwide (Van Immerseel, 2010; Barrow et al.,
2012; Mebrhatu et al., 2014) and stress situations cause
immunosuppression in chickens. We thus designed this
study to analyse the effects of overcrowding stress on
performance parameters, immune status, small intestine
integrity and Salmonella invasion in broiler chickens
experimentally infected with Salmonella Enteritidis.

Materials and Methods

Birds and overcrowding stress protocol. One-day-old broiler chicks
(Ross®; Aviagen®, Rio Claro, Sao Paulo, Brazil) were housed in two
climate-controlled rooms at the Experimental Center of Avian Pathology,
School of Veterinary Medicine, University of São Paulo. A total of 360 male
broiler chickens were used. The birds were obtained from a breeder hatchery
and were housed in floor pens covered with sterilized and contaminant-free
wood shavings. The breeder hatchery was free of Salmonella spp. and
Mycoplasma spp. as certificated by the supplier and confirmed in our
laboratory. Water and food (hanging feeders) were provided ad libitum to
the chickens, and the birds were constantly observed for health status
and behaviour. The transport boxes and housing environments were
employed according to ISO 6579:2002/Amd 1:2007 protocols (ISO,
2007). Additionally, transport box samples, wood shavings and house
environment swabs were pre-enriched in Difco tetrathionate broth (BD
Difco, Sparks, MD, USA) and cultured on Difco xylose–lysine–
deoxycholate agar with xylose–lysine–tergitol-4 (XLT4) (BD Difco) to
detect Salmonella Enteritidis. Salmonella spp. were not detected in the
transport boxes or in the bird house environment. The birds were maintained
and used in accordance with the guidelines of the Committee on Care and
Use of Laboratory Animal Resources of The School of Veterinary Medicine,
University of São Paulo, Brazil (Protocol Number 1798/2009).
On experimental day 1 (ED1), the chickens were weighed and allocated

into four groups: the control group (Group C), the positive Salmonella
control group (Group PC), the negative Salmonella overcrowding stress
group (Group Ov), and the positive Salmonella overcrowding stress group
(Group POv). Chickens submitted to the Salmonella challenge were
allocated to a different room than the non-infected chickens. From ED1 to
ED42, the birds in the control groups (Groups C and PC) were maintained in
groups of 10 birds/m2. The chickens in the two overcrowding-stressed
groups (Groups Ov and POv) were maintained at 16 birds/m2.

Salmonella Enteritidis infection. On ED1, the birds from Groups PC and
POv were challenged orally via gavage with 0.1 ml Difco brain heart
infusion containing 106 colony-forming units/ml Salmonella Enteritidis.
The birds in Groups C and Ov simultaneously received a similar volume of
sterile brain heart infusion. After 42 days (ED42), the caecal colonization
and organ invasion were analysed in the birds of Groups PC and POv using
microbiological techniques. The birds were independently housed in
climate-controlled rooms following the challenge.

Performance parameters. Broiler chicken performance was assessed in
terms of the mortality rate, body weight gain (g/bird), feed consumption per
bird (g/bird) and feed conversion throughout the experiment. The feed
conversion ratio was calculated on the basis of the feed/gain ratio for each
replicate. For each group, five replicates of 12 birds per box were analysed.
The birds were monitored weekly for performance parameters, but statistical
analysis was only applied to data collected at the end of the experiment (ED42).

Organ harvest. On ED42, 20 birds per group were randomly selected and
euthanized via cervical dislocation immediately after weighing. At

necropsy, the liver and spleen were harvested for Salmonella Enteritidis
analysis. The lymphoid organs (the spleen and bursa of Fabricius) were
harvested for the relative weight determinations (percent of body weight),
and the connective tissues were removed before weighing.

Caecal colonization and organ invasion by Salmonella. To determine the
bacterial organ invasion following the Salmonella Enteritidis challenge,
liver and spleen samples were taken from 20 birds from each experimental
group (Groups PC and POv) on ED42. The samples were aseptically
removed, and the liver and spleen weights were recorded. The organs were
independently homogenized. The homogenates of each organ were diluted
1:10 in a sterile solution of 0.1% peptone water, and 100 µl was spread on
XLT4 agar (Difco) and incubated at 37°C for 24 h. The organ invasion was
evaluated by counting the Salmonella Enteritidis colonies recovered from
the liver and spleen. In the cases in which bacterial growth was detected,
Salmonella spp. were confirmed by a serological test (polyvalent antisera;
Promicro, Sao Paulo, Brazil). The following biochemical tests were also
performed to confirm Salmonella: triple sugar iron agar, urea broth, L-lysine
decarboxylase, ortho-nitrophenyl-β-galactosidase, Voges Proskauer and
indole tests. To confirm the absence of Salmonella Enteritidis, the non-
positive samples were placed in a tetrathionate broth (1:10), incubated at
37°C for 48 h and streaked on XLT4 agar. The absence of Salmonella
Enteritidis was confirmed by analysis of bacterial colonies grown on the
XLT4 agar. The birds in the negative control groups (Groups C and Ov)
were similarly tested to confirm the absence of Salmonella Enteritidis.

Intestinal morphology. Light microscopy specimens were taken from
several sites within the segments of the small bowel. The intestinal
segments were defined by the following anatomic limits: the length of the
duodenum (from the gizzard [duodenum ostium] to the beginning of the
mesentery [duodenum loop]), the length of the jejunum (from the most
distal point of insertion of the mesentery to 5 cm before the Meckel’s
diverticulum) and the length of the ileum (from 5 cm after the Meckel’s
diverticulum to the ileo-caecal junction). The tissues were fixed in 10%
buffered formalin, embedded in paraffin, cut to a thickness of 4 to 5 µm and
stained with haematoxylin and eosin for light microscopy. The slides were
examined for pathological changes by two pathologists who were blind to
the group affiliation; a high positive correlation was observed between their
evaluations.

The following histological parameters were analysed: villous height, crypt
morphology and depth, villous height:crypt depth ratio, intensity and
composition of the inflammatory infiltrate in the lamina propria and the
number of intraepithelial lymphocytes per 100 enterocytes. The severity of
the small intestinal lesions was scored semi-quantitatively from 0 to 3,
where 0 = control material, 1 = mild alteration, 2 = moderate alteration and
3 = severe alteration. The criteria used to define normal histology were those
described by Hodges (1974) and Riddell (1987).

Serum corticosterone determination. Ten birds per group were randomly
removed and gently handled to collect 2 ml blood from their brachial veins
over a period of 30 sec to 1 min. The corticosterone concentrations were
measured on ED42 between 08:00 and 10:00 a.m. Whole blood was used to
collect the serum for the corticosterone assays, and the corticosterone serum
concentrations were determined using a corticosterone enzyme-linked
immunosorbent assay kit from Enzo Life Science (Farmingdale, NY,
USA), as described by Tachibana et al. (2007).

Total plasma IgM, IgG and IgA determination. The same birds used
for the collection of blood for the corticosterone analyses were used for
the total plasma IgM, IgG and IgA determinations. From each bird, 2 ml
blood was collected from the brachial vein, and the plasma was extracted
for immunoglobulin determination. The IgG, IgM and IgA plasma
concentrations were determined using an enzyme-linked immunosorbent
assay ELISA kit from Bethyl Laboratories (Montgomery, TX, USA), as
described by Gao et al. (2008).

Peritoneal macrophage activity. Because chickens do not have resident
peritoneal macrophages, activation was performed as proposed by Qureshi
et al. (1986) and modified by Quinteiro-Filho et al. (2010). Briefly, 3%
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Sephadex G-50 Fine (Sigma, St Louis, Missouri, USA) in 0.9% saline
solution was injected at a dose of 5 ml/200 g body weight into the
peritoneal cavity of 10 chickens from each group (Groups C, Ov, PC and
POv) on ED40. Forty-eight hours after the inoculation (ED42), the birds
were euthanized by cervical dislocation, and the cellular and cytometric
analyses were obtained, as described by Quinteiro-Filho et al. (2010).

Peritoneal macrophage activity measurement
A flow cytometer (FACS Calibur; Becton Dickinson Immunocytometry
Systems, San Jose, California, USA) interfaced with a Macintosh G4
computer was used for data collection. Data from 5000 events were
collected in list mode and analysed in Cell Quest (Becton Dickinson
Immunocytometry Systems). The cell populations were identified based on
their properties on the forward scatter/side scatter plots, mechanically sorted
(FAC-Scan; Becton Dickinson Immunocytometry Systems) and evaluated
by light microscopy after staining with Giemsa. The peritoneal macrophage
population was confirmed by the KUL01 (Abcam, Cambridge, Massachu-
setts, USA) phenotype method described previously (Mast et al., 1998;
Quinteiro-Filho et al., 2010). The data from the peritoneal macrophages
were collected and analysed by applying gates that sorted the lymphocyte
and monocyte clusters. The fluorescence data were collected on a log scale.
The green fluorescence from 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA) was measured at 530 ± 30 nm (FL1 detector), and the red
fluorescence from propidium iodide (PI)-labelled Staphylococcus aureus
was measured at 585 ± 42 nm (FL2). PI and DCFH-DA fluorescence were
analysed after fluorescence compensation to correct for any crossover
between the PI and DCFH-DA signals.

The quantification of the amount of phagocytosis and oxidative burst was
estimated by the mean fluorescence in the PI and DCFH-DA cells,
respectively. The peritoneal macrophages (2 × 106 cells/ml) collected as
described above were divided into four different polypropylene tubes. Tube
A contained only cells and was defined as the basal tube; tube B contained
cells mixed with 200 µl DCFH-DA (0.3 mM) in phosphate-buffered saline
and was considered to represent the basal oxidative burst data; tube C
contained cells mixed with100 µl S. aureus (1000 bacteria:1 macrophage)
and was used to assess phagocytosis; and tube D contained cells mixed with
200 µl DCFH-DA (0.3 mM) and 100 µl S. aureus, representing the oxidative
burst induced by phagocytosis. The samples were incubated under agitation
at 37°C for 30 min. Then, 2 ml cold ethylenediamine tetraacetic acid
solution (3 mM) was added to stop phagocytosis. The samples were
centrifuged (250 × g for 10 min), and the obtained cell pellets were
re-suspended in 0.5 ml ice-cold phosphate-buffered saline for flow
cytometry. The direct measurements of the mean fluorescence on the green
and red channels were recorded as the amount of oxidative burst and
phagocytosis, respectively, as proposed by Hasui et al. (1989). The
percentage of cells undergoing phagocytosis (the percentage of macrophages
that ingested bacteria) was expressed as the number of macrophages with red
fluorescence divided by the total number of cells (multiplied by 100). The
intensity of the phagocytosis (the quantity of ingested bacteria) was
measured directly through the intensity of fluorescence emitted by the cells
that performed phagocytosis. The basal tube was used as an internal control
for phagocytosis and oxidative burst. This protocol was described in detail
by Hasui et al. (1989) and Quinteiro-Filho et al. (2010).

Statistical analyses. The statistical analyses were performed using
GraphPad Prism 5 software (GraphPad Software Inc., San Diego,
California, USA). The parametric data were analysed using a two-way
analysis of variance (ANOVA) test followed by a Tukey test (stressor

and Salmonella factor interaction analyses) and/or a one-way ANOVA
followed by a Tukey test. The Mann–Whitney U test was used to compare
the non-parametric data from two groups. P < 0.05 was considered to show
significance for all of the comparisons. The data are presented as the mean
± standard deviation.

Results

Performance parameters. All of the performance para-
meters were affected in the chickens subjected to over-
crowding from ED1 to ED41 (Table 1). The overcrowding
stress decreased the body weight gain (F = 6.823; P < 0.05)
and feed consumption (g/bird) (F = 5.350; P < 0.01) in the
Salmonella-infected (Group POv) and the non-infected
(Group Ov) birds. With respect to feed conversion, an
interaction between overcrowding and Salmonella infection
(F =4.197; P < 0.05) was observed. Although the over-
crowding (Group Ov) alone did not affect the feed
conversion compared with the control birds (P > 0.05),
the birds that were subjected to overcrowding stress and
Salmonella Enteritidis infection (Group POv) exhibited an
increased feed conversion compared with those of Groups C
and PC (F = 4.197; P < 0.05). Mortality was not found in
any of the tested groups. There was no difference between
groups from day ED1 to ED35.

Serum corticosterone determination. As illustrated in
Figure 1, the birds of Groups Ov and POv exhibited high
corticosterone serum levels compared with Groups C and
PC (Group C: 260.50 ± 80.7, Ov: 326.82 ± 97.14 pg/ml;
Group PC: 267.91 ± 67.93, POv: 381.36 ± 62.81 pg/ml; F =
5.28 P < 0.05). No significant differences were observed for
this parameter between the birds in Groups Ov and POv.

Lymphoid organ relative weight and IgG, IgM and IgA
plasma levels. As shown in Table 2, significant differences
were not observed in the spleen relative weights. A
decreased weight was observed in the bursa of Fabricius
from the chickens in Groups Ov and POv compared with
Groups C and PC. We observed an increase in the total IgA
levels in plasma in Groups Ov, PC and POv compared with
Group C (P < 0.05). We also observed a decrease in the
total IgG levels and an increase of IgM levels in Group POv
compared with Group PC (P < 0.05) (Table 2).

Macrophage activity. Analysis of the macrophage activity
showed no alterations in the basal oxidative burst
(Figure 2A: Group C, 118.0 ± 82.48; Group Ov, 116.9 ±
73.54; Group PC, 139.5 ± 76.46; Group POv, 121.9 ±
90.24; P > 0.05) or in the S. aureus-induced oxidative burst
(Figure 2B: Group C, 119.2 ± 91.10; Group Ov, 85.93 ±
54.86; Group PC, 95.15 ± 74.03; Group POv, 125.0 ±

Table 1. Effects of overcrowding stress (16 birds/m2) on the performance parameters of broiler chickens infected with
Salmonella Enteritidis.

Performance parameter (per bird) Group C Group Ov Group PC Group POv

Body weight gain (kg) 2.54 ± 0.03 2.44 ± 0.05* 2.55 ± 0.04 2.39 ± 0.21*
Feed intake (kg) 4.58 ± 0.20 4.16 ± 0.20* 4.46 ± 0.25 4.71 ± 0.83*
Feed conversion 1.75 ± 0.08 1.65 ± 0.06 1.69 ± 0.11 1.91 ± 0.27*a

Results presented as mean ± standard deviation of five replicates (n = 5); in Groups C and CP, each replicate had 14 broiler chickens; in Groups Ov
and POv, each replicate had 23 broiler chickens. Overcrowding stress was performed between ED1 and ED42. Data were collected between ED1 and
ED42. Parametric data: two-way ANOVA followed by a Tukey test and one-way ANOVA followed by a Tukey test. *P < 0.01 compared with the
respective control groups (Group C or Group PC). aP < 0.05 positive interaction between overcrowding stress and Salmonella infection.
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11.70; P > 0.05) among the groups. The percentage of
macrophage phagocytosis (Figure 2C: Group C, 89.55 ±
14.07; Group Ov, 82.81 ± 17.98; Group PC, 82.79 ± 19.81;

Group POv, 83.26 ± 11.95; P > 0.05) was similar among the
groups. The chickens in Group POv presented a decrease in
the intensity of macrophage phagocytosis (Group C, 39.78
± 10.67; Group Ov, 35.49 ± 7.27; Group PC, 34.29 ± 3.24;
Group POv, 24.53 ± 3.47; P < 0.05) when compared with
birds in the remaining groups (Figure 2D).

Liver invasion by Salmonella. Salmonella Enteritidis was
not observed in the liver and spleen samples from the birds
of Group C or Group Ov. Overcrowding stress increased
liver Salmonella Enteritidis invasion as detected in birds of
Group POv (Group PC, 0.76 ± 0.30; Group POv, 5.58 ±
3.18; P < 0.05) when compared with those of Group PC
(Figure 3). No positive Salmonella Enteritidis counts were
observed in the spleens of birds from Group PC or
Group POv.

Intestinal histology. Histological intestinal changes were
not observed in the chickens in the control group (Group C).
No alterations in the morphology (i.e. the crypt depth:villus

Table 2. Effects of overcrowding stress (16 birds/m2) on the relative weight of the lymphoid organs and the plasma immunoglobulin
concentration of broiler chickens infected with Salmonella Enteritidis.

Parameter Group C Group Ov Group PC Group POv

Spleen relative weight 0.087 ± 0.001 0.103 ± 0.002 0.105 ± 0.002 0.093 ± 0.002
Bursa relative weight 0.1869 ± 0.05 0.1724 ± 0.05* 0.1781 ± 0.05 0.1728 ± 0.05*
IgA (ng/ml) 169.90 ± 36.13 243.73 ± 122.32† 240.49 ± 81.50† 254.22 ± 67.41†

IgM (ng/ml) 26.02 ± 5.76 28.54 ± 11.11 31.42 ± 11.92 44.62 ± 12.50#

IgG (ng/ml) 990.98 ± 46.69 970.97 ± 38.63 1210.14 ± 34.00 780.47 ± 10.44§

Results presented as mean ± standard deviation (n = 10); overcrowding stress were performed between ED1 and ED42. Samples were collected at ED42.
Parametric data: one-way ANOVA followed by a Tukey test. *P < 0.05 compared with the respective control groups (Group C or Group PC);
†P < 0.05 compared with Group C. #P < 0.05 compared with all groups; §P < 0.05 compared with Group PC.

Figure 2. Effects of overcrowding stress (16 birds/m2) on the basal oxidative burst (2A), the S. aureus-induced oxidative burst (2B), the
percentage of phagocytosis (2C) and the intensity of phagocytosis (2D). Data presented as mean ± standard deviation (n = 10/group);
different lowercase letters above the columns indicate statistically significant differences (P < 0.05, two-way ANOVA followed by Tukey test).
Definitions of the groups are specified in Figure 1.

Figure 1. Effects of overcrowding stress (16 birds/m2) on the
corticosterone serum levels (pg/ml) in broiler chickens that were
infected (Group POv) or not infected (Group Ov) with Salmonella
Enteritidis. Data presented as mean ± standard deviation (n = 10/
group). *P < 0.05 compared with the Control (Group C) and
positive Salmonella control (Group PC) groups (two-way ANOVA
followed by Tukey test).
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height ratio, the villus height, the crypt depth and the
number of intraepithelial lymphocytes) were found in the
duodenum, jejunum or ileum mucosa among the birds of
the four groups. A mild increase in the cellularity of the
lamina propria was observed in the duodenum of the birds
of Groups PC and Ov. This increase in cellularity was
characterized by mild acute multifocal lympho-plasmocytic
enteritis and by foci of heterophil infiltrates (Groups Ov and
PC showed these results in six out of 10 samples; P < 0.05).
Histological differences between these groups were not

detected. The birds in Group POv exhibited more intense
and diffuse multifocal lympho-plasmocytic enteritis with
foci of heterophil infiltration in the duodenum portion,
which was identified as moderate enteritis (Group POv
showed these results in nine out of 10 samples; P < 0.05).
Figure 4 illustrates these reported alterations.

Discussion

The results of this study indicate that overcrowding stress
decreased performance parameters, induced enteritis in
broiler chickens and decreased the bursa:body weight ratio.
When the chickens were similarly stressed and infected with
Salmonella Enteritidis, an increase of feed conversion, a
decrease of IgG plasma levels, an increase of IgA and IgM
plasma levels and moderate enteritis throughout the duo-
denum were observed in the stressed chickens. The over-
crowding stress decreased the macrophage phagocytosis
intensity and increased Salmonella Enteritidis invasion to
the liver of the birds challenged with this pathogenic
bacterium. We observed that overcrowding stress increased
corticosterone serum levels, demonstrating the role of the
HPA axis in the reported data.

The HPA axis is one of the most important systems for
the integration of the body and is activated in response to
stressful stimuli or homeostatic disturbances (Besedovsky &

Figure 3. Effects of overcrowding stress (16 birds/m2) on
Salmonella Enteritidis invasion of the liver. Data presented as
mean ± standard deviation (n = 8/group). *P < 0.05 compared
with the positive Salmonella control group (Group PC) (Mann–
Whitney U test). CFU, colony-forming units.

Figure 4. Histology of the small intestine of broiler chickens. Haematoxylin and eosin staining. Scale bar = 20 µm. 4A: Duodenum mucosa
from the control broiler chicken group (Group C). 4B: Duodenum mucosa from the overcrowding broiler chicken group (Group Ov), showing
mild acute lympho-plasmacytic enteritis in the lamina propria (LP). 4C: Duodenum mucosa of the positive control broiler chicken group
(Group PC) with mild acute lympho-plasmacytic enteritis and the presence of heterophils in the LP. 4D: Duodenum mucosa of the positive
overcrowding broiler chicken group (Group POv), showing moderate acute lympho-plasmacytic enteritis in the LP. Black arrows,
heterophilic foci.
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del Rey, 1996; McEwen, 2000). One of the most important
results of this activation is an increase in plasma corticos-
terone levels. Different types of stressors, including chem-
ical stressors, prenatal stress, individual housing,
inescapable foot shock and others, can activate the HPA
axis in rodents (Costa-Pinto & Palermo-Neto, 2010). As in
heat stress situations (Quinteiro-Filho et al., 2010, 2012a),
the overcrowding stress increased the serum corticosterone
levels in broiler chickens. This “stress” hormone can
subsequently dysregulate immune responses and may be
potentially harmful to the health of the organism.
The literature on high stocking density studies shows no

unanimity in relationship to performance parameters in
overcrowding-stressed broiler chickens. Our results corrob-
orate with several literature studies that showed an impair-
ment of performance parameters during overcrowding stress
(Heckert et al., 2002; Dozier III et al., 2006; Estevez, 2007;
Mtileni et al., 2007; Tong et al., 2012). Our data showed
that overcrowding stress decreased weight gain and feed
intake in overcrowded chickens. Within this context, we
observed that stressed chickens challenged with Salmonella
Enteritidis (Group POv) exhibited increased feed conver-
sion compared with birds that were only subjected to
overcrowding (Group Ov) or that were only infected with
Salmonella (Group PC). These data indicate the existence of
a positive interaction between overcrowding stress and
Salmonella infection, showing that overcrowding stress-
induced disruptions could be more harmful during a
pathogenic infection.
The results obtained reinforce the hypothesis that the

decreased performance observed in stressed broiler chickens
might be related to alterations in the HPA axis function via
corticosterone release (Shini & Kaiser, 2008; Shini et al.,
2009; Quinteiro-Filho et al., 2010, 2012a, 2012b). More-
over, the observed intestinal inflammation could lead to a
decrease in nutritional absorption because of the presence of
intestinal lesions and because of sickness-related behaviour
by release of certain interleukins (i.e. IL-1β and IL-6) after
stressor application and/or bacterial infection (Mitchell &
Carlisle, 1992; Burkholder et al., 2008; Quinteiro-Filho
et al., 2010). Indeed, IL-1 may act on the hypothalamic
nuclei that regulate food intake and satisfaction, causing a
decrease in food consumption and body weight gain (Costa-
Pinto et al., 2009).
As discussed in our previous work (Quinteiro-Filho et al.,

2012a), the intestinal mucosa represents the first line of
defence against Salmonella spp. (Fagarasan & Honjo, 2003;
Fagarasan, 2006). The primary site of Salmonella spp.
colonization is the large blind caeca that branch from the
distal ileum immediately before the colon. Following
invasion, it is hypothesized that Salmonella spp. are taken
up by the macrophages and dendritic cells and subsequently
transported via the lymphatic system to the spleen and the
liver (Mastroeni & Menager, 2003; Chappell et al., 2009).
We observed that the overcrowding stress decreased the
intensity of macrophage phagocytosis in the chickens of
Group POv. Other results obtained in our laboratory
revealed that different stressors such as footshock, chemical
stressors and individual housing decreased the macrophage
activity in mice (Fonseca et al., 2002; Palermo-Neto et al.,
2003, 2008; Quinteiro-Filho et al., 2009; Costa-Pinto &
Palermo-Neto, 2010). In broiler chickens, we observed that
heat stress decreased the macrophage oxidative burst
(Quinteiro-Filho et al., 2010); this finding was linked to
the observed increase of Salmonella migration to the spleen
of heat-stressed chickens (Quinteiro-Filho et al., 2012a). In

our study, overcrowding stress increased the Salmonella
Enteritidis invasion to the liver but not to the spleen of the
stressed chickens. Indeed, Salmonella migration could
happen both to the spleen and liver following invasion
since Salmonella is assumed to be taken up by macrophages
and transported via the lymphatic system to the spleen and
liver (Mastroeni & Menager, 2003; Chappell et al., 2009).
However, there is no firm experimental evidence to define
the main target organ of Salmonella invasion (Mastroeni &
Menager, 2003; Chappell et al., 2009). It seems feasible to
suggest that bacterial invasion is not controlled by the
innate immune system and that Salmonella is able to reach
and replicate within several organs (e.g. the liver, as was
observed in this model), thereby establishing a systemic
infection (Burkholder et al., 2008; Chappell et al., 2009).
Other important branches of the immune system against

bacterial pathogens are humoral immunity and immunoglo-
bulin production. One of the most important lymphoid
organs responsible for the adaptative immune function is the
bursa of Fabricius. The activity of this organ has been
related to signs of immunosuppression in chickens after
stressful situations. Heckert et al. (2002) described a
progressive decrease in the bursa relative weight in broiler
chickens maintained in groups of 10, 15 and 20 birds/m2.
Our data strengthen and reinforce those of Heckert et al.
(2002) because we observed a decrease in the bursa relative
weight in birds exposed to high stocking density, represent-
ing one more sign of immunosuppression.

Changes in the integrity and normal function of the bursa
of Fabricius could lead to changes in the production of
immunoglobulins. We observed a decrease of plasma IgG
levels in the birds of Group POv. Caroprese et al. (2009)
showed that the concentrations of anti-OVA IgG were
primarily influenced by space allowance in dairy ewes,
showing higher antibody titres in the low stocking density
group than in the high stocking density group. In a heat
stress study, Mashaly et al. (2004) reported a decrease in
antibody titres to sheep red blood cells in laying hens.
These results agree with the findings of Zulkifli et al.
(2000), who showed that heat stress caused a reduction in
antibody synthesis. Stressors increased serum corticosterone
levels (Glaser & Kiecolt-Glaser, 2005; Quinteiro-Filho et al.,
2010, 2012a; Shini et al., 2010), and this hormone inhibits
antibody production by B cells (Gross, 1992), which might
explain the inverse relationship we found between corticos-
terone levels and IgG titres.

This decrease in IgG levels might be related to reduced
immunological memory, thus leading to an increase in
pathogen susceptibility. Overcrowding stress also induced
an increase in plasma IgM levels in birds of Group POv.
IgM is expressed largely on the surface of B lymphocytes
and usually acts as a first antibody response to infection
(Ratcliffe, 2006). Moreover, overcrowding stress increased
plasma IgA levels, suggesting an increase in the levels of
this immunoglobulin at the intestinal mucosa. Indeed, IgA
is responsible for local protection against bacterial patho-
gens and parasitic and viral infection (Fagarasan, 2006),
while protecting the body against non-self peptides (Mes-
tecky et al., 1999). We believe that the observed increase in
IgM and IgA levels might be a mechanism used by the
immune system in an attempt to respond to the Salmonella
Enteritidis invasion. Furthermore, stress is known to
decrease T-helper 2 cytokines (Wang et al., 2001), which
are important for antibody production and consequently for
pathogen clearance (Lebman & Coffman, 1988).
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Kiank et al. (2008) showed that commensal bacteria are
able to migrate to lymphoid organs and livers of stressed
mice. These authors reported that chronically stressed mice
spontaneously suffered from increased bacterial load in
the liver and lungs, a condition that was sustained for up to
10 days following termination of the stress exposure and
which contributed to pneumonia (Kiank et al., 2008). These
data were related to immune dysfunction in the intestinal
barrier. Stressors applied to rats and mice increased their
susceptibility to Salmonella (Kuriyama et al., 1996) and
facilitated bacterial translocation from the mucosal intestinal
barrier (Humphrey, 2006).

Normal morphology and integrity of the small intestine is
important to prevent bacteria translocation from the intest-
inal tract to the body as well as for the digestion and
absorption of nutrients. Numerous authors have reported
that environmental stressors affect intestinal barrier integ-
rity, which is composed of enterocytes, tight junctions,
secreted mucous and immune cells, such as macrophages
(Lambert et al., 2002; Prosser et al., 2004; Singleton &
Wischmeyer, 2006; Chappell et al., 2009; Lambert, 2009).

Loss of intestinal barrier integrity leads to increased
intestinal permeability and local intestinal inflammation
(Chappell et al., 2009). The present data showed mild
enteritis in overcrowding-stressed birds (Group Ov). This
inflammation was characterized by increased lympho-
plasmacytic inflammatory infiltrates in the duodenum. We
observed moderate enteritis throughout the small intestine
in the birds that were stressed and infected with Salmonella
Enteritidis (Group POv). The presence of heterophils in the
observed inflammatory infiltrate site reflects bacterial inva-
sion from the epithelium to the lamina propria of the villi.
An increased area of inflammation was present in the
intestines of the birds that were stressed and infected with
Salmonella. In the non-infected and overcrowding-stressed
birds (Group Ov) or in the positive control birds (Group PC),
only a mild lympho-plasmacytic heterophil infiltration was
observed, and large intact areas were observed throughout
the intestinal mucosa of birds from these groups.

The observed increase in intestinal inflammatory infiltra-
tion (enteritis) may have contributed to the increased
production of proinflammatory cytokines (i.e. IL-1). IL-1
was reported to disrupt the tight junctions of the intestinal
epithelium and consequently to increase the permeability of
the mucosa to the pathogenic bacteria (Al-Sadi & Ma, 2007;
Al-Sadi et al., 2008). Increases in corticosterone release
could have decreased the innate immunity of the gut,
facilitating Salmonella invasion. High stocking density
strongly affected the fingerprint profiles of the bacterial
community, changing the commensal microbiota in the
caeca of broiler chickens (Guardia et al., 2011) and leading
to a loss of protection against pathogenic microorganism
colonization.

This loss of protection might reflect the competition
between the pathogenic and commensal bacteria for the
binding of intestinal cell receptors as well as the increased
demand for nutrients and the production of bacteriocins
(Brisbin et al., 2008; Burkholder et al., 2008). Microbiota
disruption might have consequences on digestive tract
physiology, growth performance and decreased intestinal
immunity (Brisbin et al., 2008; Burkholder et al., 2008;
Guardia et al., 2011).

It is possible that the autonomic nervous system, specif-
ically the sympathetic and parasympathetic arms including
the enteric nervous system, may be involved in the relation-
ship between stress and intestinal regulation (Grenham et al.,

2011). Neuroimmune epithelial interactions play a protective
role in the intestines, which ultimately ensure the preserva-
tion of the epithelial barrier functions and expel toxic agents
from the gut (Bueno, 2000; Sharkey & Mawe, 2002). It is
hypothesized that an increase in noradrenaline is associated
with increased bacterial translocation from the gut (Hart &
Kamm, 2002). Moreover, it seems possible that overcrowd-
ing stress might have increased noradrenaline release by the
adrenal gland (medullary zone) as reported for corticoster-
one at the cortical zone.

Overcrowding stress (16 birds/m2) on broiler chickens
might have activated the HPA axis in the stressed chickens,
increasing the corticosterone serum levels and releasing
proinflammatory cytokines. These events might have
decreased food intake and body weight gain. Overcrowding
stress via the HPA axis and/or the enteric nervous system
activities might have influenced the quality of the intestinal
immune barrier. This effect allowed pathogenic bacteria
to migrate through the intestinal mucosa and resulted
in inflammatory infiltration, decreasing the nutrient absorp-
tion to an even greater extent. The observed decrease in
macrophage activity and total plasma IgG levels may have
contributed to the large amount of Salmonella observed in
the livers of overcrowding-stressed and infected broiler
chickens. The data strengthen the notion that controlling
welfare and avoiding overcrowding stress in poultry
production are relevant factors for maintaining intestinal
integrity, obtaining satisfactory performance indices and
decreasing susceptibility to Salmonella infection.
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