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Intranasal instillation of Pasteurella multocida lipopolysaccharide in rabbits 
causes interstitial lung damage 
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A B S T R A C T   

In order to characterize the in vivo lesions in the nasal cavities and lungs, twenty-eight rabbits were intranasally 
instilled with lipopolysaccharide (LPS) from P. multocida and then divided into seven groups according to 
euthanasia time. The nasal cavities and the lungs were processed for light microscopy, lectin histochemistry and 
transmission electron microscopy. Increased goblet cell activation and neutrophil infiltration were relevant 
changes in the nasal cavity. A predominantly interstitial pattern of diffuse alveolar damage and bronchopneu-
monic foci were the main lesions found in the lungs. LPS was found in the cytoplasm of ciliated cells, goblet cells, 
glandular cells, venular endothelial cells and neutrophils in the nasal cavity and in club cells, capillary endo-
thelial cells and neutrophil in the lung. This study demonstrates that the LPS is able to cause lesions in the upper 
and lower respiratory tract, it binds to and is internalized by respiratory epithelial cells. Furthermore, it also 
traverses the intercellular spaces to reach the blood vessels, where it binds to and is internalized by neutrophil 
and red blood cells. These cells may then travel to the lungs where the LPS induces typical diffuse alveolar 
damage. This route of lung interstitial damage, to our knowledge, has not been described for this molecule or any 
known pathogen.   

1. Introduction 

Pasteurella multocida is a Gram-negative bacterium that affects the 
respiratory tract and causes systemic infections in a wide range of 
mammals and birds and is therefore responsible for important economic 
losses in the animal industry (Kumar et al., 2004). P. multocida is 
considered part of the normal flora of the nasal cavity and nasopharynx 
of many such mammals. However, it has been suggested that a change in 
the microenvironment due to stressful conditions as the overcrowding of 
animals and/or sudden changes in temperature and/or humidity favors 
an overgrowth of the bacteria in the upper airways. These conditions are 
permissive for the expression of virulence factors that contribute to the 
adherence, colonization and dissemination of the microorganism and 
thus result in rhinitis (Taylor et al., 2010). P. multocida and/or its 
virulence factors can spread from the nasal passages to lower parts of the 
respiratory tract, where they can cause bronchopneumonia. Further-
more, some members of the group can systemically distribute in the 

host, which causes septicemia (Jaglic et al., 2006; Wilkie et al., 2012). 
P. multocida possesses and expresses various virulence factors, and its 

lipopolysaccharide (LPS) is one of the most important of these factors 
(Harper et al., 2011; Harper and Boyce, 2017; Jacques et al., 1993). The 
endotoxic effects of LPS from numerous Gram-negative bacteria have 
been widely studied (Erridge et al., 2002; Jacques et al., 1993; Lopez- 
Bojorquez et al., 2004; Rietschel et al., 1994). However, the effects of 
LPS on respiratory epithelial cells during the first steps of infection and 
the participation of LPS in the adhesion of the microorganism to the 
respiratory tract epithelial cells have received less attention. Recent 
studies have demonstrated that LPS molecules from Salmonella typhi, 
S. typhimurium and Helicobacter pylori are involved in the adhesion of 
these bacteria to their respective host cells (Bravo et al., 2011; Chang 
et al., 2011). The ability of Escherichia coli LPS to not only adhere to the 
epithelial cells but also enter these cells independently of the bacterium 
has also been demonstrated (Hornef et al., 2003; Risco et al., 1991). 

The genome of P. multocida and the structure of its LPS have recently 
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been elucidated (Harper et al., 2011; Harper et al., 2013a, 2013b; 
Harper and Boyce, 2017; St Michael et al., 2005a, 2005b, 2005c). 
However, the participation of this LPS during the early steps of the 
pathogenesis of the disease caused by this bacterium is not yet clear. 
Studies conducted by the Veterinary Pathobiology group at the National 
University of Colombia have suggested that LPS, together with the 
microorganism, could be responsible for interstitial damage to the lung 
parenchyma, interstitial pneumonia and microcirculatory changes in 
rabbits naturally or experimentally infected with P. multocida (Botero, 
1998; Botero and Iregui, 1999; Iregui and Mendoza, 1992; Murillo and 
Iregui, 1993; Roa, 2004). A subsequent ex vivo study with explants of the 
nasal septae of fetal rabbits showed that the LPS of this pathogen can 
cause lesions in the respiratory epithelium by itself (Esquinas, 2007). 
More recently, it was found that the LPS of P. multocida significantly 
increased the adherence of the bacteria to this type of epithelium, and it 
was therefore proposed that this molecule could act as another adhesin 
for this microorganism (Gallego et al., 2017). 

To further support the results described above and to provide new 
insights into the role of LPS in the early stages of P. multocida infection, 
the purpose of the present study was to characterize the early pathogenic 
mechanism and lesions caused by P. multocida LPS in vivo in the nasal 
cavities and lungs of rabbits at various post exposure times and to define 
the distribution and adhesion of this molecule to the respiratory 
epithelium of both organs by using lectin immunohistochemistry and 
lectin electron microscopic techniques. 

2. Materials and methods 

2.1. Pasteurella multocida 

P. multocida AUN001 (Capsule type A) was used in this study. This 
strain is part of the collection of the Veterinary Pathobiology group of 
the National University of Colombia. It was obtained from samples of the 
turbinates, tracheas and lungs of rabbits from farms located at the 
Sabana of Bogotá, Colombia, who had signs of rhinitis, pneumonia and/ 
or septicemia. The bacteria were grown in brain heart infusion agar 
(BHI) supplemented with 5% sheep blood at 37 ◦C for 24 h. The strains 
were identified as P. multocida using biochemical characterization 
(catalase, oxidase, urease, ornithine decarboxylase, glucose, lactose, 
sucrose, maltose, mannitol and failure to grow on MacKonkey agar) and 
reconfirmed by the API 20NE test (bioMérieux SA, Marcy L’Etoile, 
France). Additionally, a PCR amplification of the ribosomal subunit 16S 
rDNA of P. multocida identification, followed by its sequencing and 
BLAST analysis (NCBI) (Altschul et al., 1990), was carried out. The 
bacteria were maintained in cryovials at − 70 ◦C until use. A taxonomic 
tree was made for the identification of the bacteria, which was con-
structed by aligning the sequences of the 16S rDNA gene with sequences 
of the closest related species in the NCBI database. Our P. multocida 
strain was 99.5% similar to the reference strain pm70 Pasteurella mul-
tocida subspecies multocida (AE004439). 

2.2. LPS extraction 

P. multocida was cultured in a large mass of BHI agar and incubated 
at 37 ◦C. After 24 h culture, 5.8 g of bacterial mass was collected from 
the BHI agar with an inoculation loop and stored. The LPS was extracted 
using the hot phenol-water method as described by Westphal and Jann 
(1965); this method is based on the separation of LPS by its high solu-
bility in water, in contrast to proteins and nucleic acids that are highly 
soluble in phenol. Briefly, 5.8 g of bacteria were added to 29 ml of USP 
water, and the solution was vortexed until the bacteria were fully 
dispersed. To extract the LPS, 150 ml of 90% phenol at 68 ◦C was added 
to the previous solution, and the mixture was subjected to constant 
agitation for 10 min. The resultant suspension was cooled on ice and 
then centrifuged at 5000 xg for 20 min at 6 ◦C. The aqueous phase (140 
ml) was then dialyzed for two days, with several changes of 1600 ml of 

sterile water under constant agitation at 4 ◦C. The content was centri-
fuged at 10000 xg for 20 min at 20 ◦C, and then, 3.69 g of sodium acetate 
and 1200 ml of 96% ethanol were added to precipitate the LPS; the 
mixture was stored for 24 h at − 20 ◦C. It was then centrifuged at 8000 g 
for 5 min at 4 ◦C, and the supernatant was discarded. The pellet was 
resuspended in 8.3 ml of USP water, and the suspension was stored at 
− 80 ◦C and then lyophilized. 

2.3. Purification and characterization of P. multocida LPS 

2.3.1. Purification 
The LPS extract was purified by enzyme treatment and molecular 

exclusion chromatography. For the enzyme treatment, the lyophilized 
LPS extract was reconstituted in 10 ml of 0.1 M Tris buffer, pH 7.5, 
containing 0.15 M NaCl and 1 N HCl and incubated with 500 μl of 0.5 
mg/ml RNase, 50 μl of 0.05 mg/ml DNase and 100 μl of 4 mM MgCl2 for 
2 h at 60 ◦C. Then, the LPS was incubated at 37 ◦C for 18 h with 100 μl of 
0.05 mg/ml proteinase K and 100 μl of 1 mM CaCl2. The solution was 
dialyzed for 2 days at 4 ◦C under constant agitation against distilled 
water, and the water was changed every 8 h. The LPS was stored at 
− 80 ◦C for lyophilization. 

For molecular exclusion chromatography, the extract was resus-
pended in 5 ml of 0.05 M Tris buffer, pH 9.5, containing 1.5% sodium 
deoxycholate and 1 mM EDTA and loaded onto a GE Healthcare HiPrep 
™ 16/60 Sephacryl ™ S HR − 200 column (Amersham Biosciences, 
Piscataway, USA). Eluted fractions of 2.5 ml were collected at a flow rate 
of 0.8 ml/min and spectrophotometrically measured at 220 nm (LPS), 
260 nm (nucleic acids) and 280 nm (proteins). 

2.3.2. Characterization 

2.3.2.1. Spectrophotometric analysis. At each purification stage, aliquots 
were collected for spectrophotometric analysis (NanoDrop 2000 Spec-
trophotometer Thermo Scientific, Wilmington, DE, USA) and were 
scanned at wavelengths from 200 nm to 600 nm. 

2.3.2.2. SDS-PAGE. The lyophilized fractions were reconstituted in 
Laemmli buffer and boiled at 95 ◦C for 5 min before application to the 
gel. For the electrophoresis, a 4% stacking gel and a 12% separating gel 
were prepared, and the running conditions were 0.03 Amps (A)/45 min 
and 0.02 A/1 h, respectively. The gels were finally stained with silver 
nitrate (Tsai and Frasch, 1982) and Coomassie Blue (Chart and Trust, 
1983). 

2.3.2.3. Purpald test. To perform the Purpald test, a reference curve was 
constructed with a standard of 3-deoxy-α-D-mannooctulosonic acid 
(Kdo) (Sigma Co, St. Louis, MO, U.S.A.) at concentrations ranging from 
0.8 mM to 0.025 mM. Then, commercially available LPS samples from 
Escherichia coli 0111:B4, Salmonella typhimurium and Rhodobacter 
sphaeroides DSM 158 were diluted to two concentrations: 0.4 mg/ml and 
0.2 mg/ml. Various concentrations of the P. multocida LPS fractions from 
1 mg/ml to 0.125 mg/ml were used. Duplicates of each sample were 
loaded into a 96-well microplate, and 32 mM sodium periodate was 
added, after which the plates were incubated at room temperature for 
25 min. Subsequently, 136 mM of the Purpald reagent was added to each 
well and incubated for 20 min at room temperature. Immediately 
thereafter, 64 mM sodium periodate was added, and the plates were 
incubated at room temperature for 20 min. Then, 20 μl of 2-isopropanol 
were added. Finally, the plates were spectrophotometrically read at 550 
nm. 

2.4. Evaluation of the pathogenic effect of the LPS 

The in vivo experimental protocols in this study were submitted to 
evaluation by the Bioethics and Animal Welfare Committee of the 
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Veterinary Faculty of the National University of Colombia. This com-
mittee is based on international and national guidelines that govern the 
use, care and welfare of animals used for scientific purposes. 

2.4.1. LPS extraction, purification, characterization and biological testing 
The pathogenic effect of purified P. multocida LPS was assessed in 

mice. Five 12-week-old male Swiss mice were intraperitoneally (IP) 
inoculated with 25 mg of LPS in 100 μl of ultrapure water (UPW), and 
another five mice were inoculated with 100 μl of UPW. When any 
clinical signs of illness were observed, the mice were euthanized and 
necropsied. 

2.4.2. Intranasal instillation of P. multocida LPS 
Twenty-eight New Zealand White rabbits, 36 days old, clinically 

healthy, were housed in individual cages with strict hygiene conditions 
(daily cleaning and disinfection with sodium hypochlorite), and a tem-
perature between 13 and 18 ◦C (Rideau et al., 1992; Roa, 2004). The 
animals were adapted for 28 days in individual cages with food (com-
mercial dry food) and water ad libitum. Nasal swabs were collected from 
all the rabbits at 36, 47 and 63 days of age, and cultured in BHI agar at 
37 ◦C for 24 h to confirm they were microbiologically negative for 
P. multocida and Bordetella bronchiseptica. 

For all procedures, animals were anesthetized with 0.5 mg/kg ace-
promazine, subcutaneous (SCT), as well as 5 mg/kg xylazine and 35 mg/ 
kg ketamine, intramuscular (IM). The animals were subsequently 
euthanized by exsanguination under anesthesia. 

2.5. Experimental design 

When the rabbits were 64 days old, each rabbit was intranasally (IN) 
instilled with 375 μl (400 μg/kg) of P. multocida LPS diluted in UPW, or 
with 375 μl of UPW only, using a micropipette. The animals were ran-
domized into various experimental groups based on the scheduled 
euthanasia times. Four rabbits were euthanized at each timepoint (2, 4, 
8, 12, 24, 36 and 48 h post instillation (PI)); three animals were instilled 
with P. multocida LPS. A negative control that was instilled with 375 μl of 
UPW was included at each time point. 

2.6. Tissue processing 

2.6.1. Sampling 
The nasal cavities and the lungs were immediately fixed after 

euthanasia with 3.7% buffered formalin and subsequently decalcified in 
a solution of the disodium salt of 10% EDTA, pH 7 for 8 days at 4 ◦C. The 
fixative was instilled through the nostrils; the head of the animals was 
freed of the skin, and two cross-sections of the nasal cavity, approxi-
mately 0.5 cm thick, before the first premolar were obtained. The lungs 
were fixed by infusing a solution of formalin via the larynx at a pressure 
of 20 cm of water. Both lungs were immersed in formalin for 24 h at 4 ◦C, 
and sagittal sections of the complete lobes were obtained. 

All tissues were embedded in paraffin and processed for routine 
hematoxylin-eosin staining (H&E) techniques. 

2.6.2. Lectin histochemistry 
To determine the presence and distribution of P. multocida LPS in the 

tissues of the nasal cavity and lungs of rabbits, a lectin histochemical 
technique (LHC) was performed (Brio and Riera, 1995; Leathem and 
Atkins, 1983). A commercially available LPS-binding lectin, Limulus 
polyphemus (LPA), extracted from the Horseshoe Crab (LPA, EY Labo-
ratories Inc., San Mateo, CA, USA) conjugated with alkaline phosphatase 
was used: this lectin specifically recognizes the Kdo fraction of LPS. The 
tissues were pre-treated with bovine serum albumin for 30 min at room 
temperature and subsequently incubated with 40 μl of LPA-alkaline 
phosphatase in 100 μl of Tris buffer saline for 1 h at 37 ◦C in a humid 
chamber. A commercial Liquid Fast-Red Substrate Kit (ab6425, Abcam, 
UK) was used as chromogen to reveal the presence of LPS. 

2.6.3. Transmission electron microscopy (TEM) 
The cellular and sub-cellular distribution of P. multocida LPS in the 

nasal cavity and lungs of rabbits was also determined by TEM. LPA 
conjugated to colloidal gold (EY Laboratories Inc., San Mateo CA, USA: 
Colloidal Gold-Conjugated LPA (horseshoe crab), 1 ml) was used. 

Relevant tissue regions, specifically areas where the LPS label was 
detected by lectin histochemistry using light microscopy, were extracted 
from the paraffin blocks, deparaffinized and rehydrated using routine 
techniques, and then, these samples were fixed in glutaraldehyde. The 
samples were embedded in LR White resin and finally placed on nickel 
grids. 

The tissues were pretreated with 10% bovine serum albumin for 15 
min at room temperature and then incubated with colloidal gold- 
conjugated LPA for 1 h in a humid chamber at room temperature. 
Finally, they were contrasted with 1% uranyl acetate for 3 min (Ben-
hamou and Ouellette, 1986; Herken and Manshausen, 1998). 

2.7. Evaluation of tissues 

2.7.1. Hematoxylin and eosin 
The tissue lesions in the nasal cavities and the lungs were evaluated 

by a researcher in a blinded manner using a light microscope with a 40×
objective, and the severity was evaluated semi-quantitatively using the 
criteria of Esquinas (2007) and Gallego et al. (2013). 

Six fields in each cross section were evaluated in the nasal septae: 2 
(each side of the septum) from the dorsal region, 2 from the central and 2 
from the ventral region of the tissue. Neutrophil infiltration, cilia loss, 
cell death, intracytoplasmic vacuoles and dilated intercellular spaces 
were evaluated. A score according to the degree of severity ranging from 
absence to severe was assigned to each lesion. Additionally, the per-
centage of goblet cells (GCs), determined by counting the number of GCs 
compared to the number of ciliated columnar epithelial cells in each 
field, was calculated (Table 1). 

In the lungs, each lobe was evaluated and scored according to the 
degree of severity and the extent of the following lesions: the thickening 
of alveolar septae, the presence of cellular debris on the alveolar and/or 
bronchiolar lumen, and the occurrence of pneumonic foci (presence of 
PMNs in the alveolar lumen). A score for the lesions in the lobes of each 
lung was assigned (Table 1). 

Table 1 
Parameters for assigning a severity (S) score to each lesion on nasal septae and in 
the lungs according to H&E, 40×.  

Lesion Absence Mild Moderate Severe 

S = 0 S = 1 S = 2 S = 3 

Nasal septae 
Neutrophil infiltration into the 

epithelium (average) 
0 >2 to 10 >10 to 30 >30 

Loss of cilia (tissue area) 0 <5% to 
15% 

>15% to 
50% 

>50% 

Dead cells (average) 0 2 to 4 >4 to 7 >7 
Dilated intercellular spaces 

(tissue area) 
0 <2% to 

5% 
> 5% to 
20% 

>20% 

Intracytoplasmic vacuoles (tissue 
area) 

0 <2% to 
5% 

> 5% to 
20% 

>20% 

Percentage of goblet cells Up to 
25% 

>25% to 
35% 

>35% to 
45% 

>45%  

Lungs 
Thickening of alveolar septa 

(tissue area) 
0 5% to 

15% 
>15% to 
50% 

>50% 

Cellular detritus in the alveolar 
and/or bronchial lumen (area 
average) 

0 5% to 
15% 

>15% to 
50% 

>50% 

Pneumonic foci (tissue area 
average) 

0 5% to 
15% 

>15% to 
50% 

>50%  
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2.7.2. Lectin histochemistry and transmission electron microscopy 
The cellular location as well as the anatomic distribution of 

P. multocida LPS among the various structures of the nasal cavities and 
lungs were determined using the lectin histochemical technique evalu-
ated with light microscopy. 

In addition, the location of P. multocida LPS in the previously defined 
anatomic regions was determined using TEM (JEOL JEM 1400 plus). 

2.8. Statistical analysis 

A descriptive analysis of the frequency of lesions was performed. In 
addition, Fisher’s exact test was performed to determine whether the 
presence and/or severity of the lesions were time-dependent or LPS- 
dependent (Martínez et al., 2011). 

3. Results 

3.1. LPS extraction, purification, characterization and biological testing 

A highly purified rough chemotype of P. multocida LPS containing 
Kdo and heptoses in its core region was obtained. 

Mice injected with purified LPS showed signs of disease, such as 
bristling, lethargy, anorexia, hypothermia and abdominal distension, at 
12 h. At necropsy, a diffuse congestion of all the organs was observed, 
and congestion, hemorrhage, microthrombi and neutrophils in the 
lumen of the blood vessels in the lungs and liver were microscopically 
observed. The negative control animals showed no clinical signs, gross 
lesions or microscopic lesions. 

3.2. Intranasal instillation of P. multocida LPS: Microscopic findings 

3.2.1. Nasal cavity 
The main lesions found in nasal cavity of rabbits exposed to LPS were 

PMN infiltration into the respiratory epithelium and an increased 
number of GCs compared to the other epithelial cells. The numbers of 
PMNs in the epithelium increased from 2 h PI onwards. This indicator 
reached a moderate to severe degree at 8 h PI and then dropped during 
the subsequent experimental times (Fig. 1 (A) and (B)). 

In the rabbits instilled with LPS, the numbers of GCs increased from 
8 h onwards (Fig. 2 (A)); no change in the quantity of GCs was seen in the 
negative controls (Fig. 2 (B)). A GCs percentage higher than 40% was 
observed after 8 h PI (Fig. 2 (C)). The numbers of PMNs and the increases 
in the GCs were dependent on the LPS instillation (P < 0.05). Further-
more, the presence and severity of PMN infiltration (p < 0.05) were also 
time-dependent, such that the degree of severity of this specific lesion 
was highest at 8 h PI. However, the percentage of the GCs increases 
remained constant throughout all the experimental hours; thus, the 

incidence of this lesion was not time-dependent (p < 0.05). 
Other lesions such as intracytoplasmic vacuoles and increased 

intercellular spaces were less frequent and severe. However, they were 
quite apparent in small portions of tissue, usually accompanied by in-
flammatory processes. Despite the lower frequency and the severity, the 
presence of both lesions was LPS instillation-dependent (p < 0.05). 

Finally, cell death and cilia loss were less severe and frequent in the 
nasal septae. The presence of these lesions was not LPS instillation- 
dependent (p < 0.05). 

3.2.2. Lungs 
The main lesions observed in rabbits that had been intranasally 

instilled with LPS were septal thickening and pneumonic foci in the 
lungs (Figs. 3 and 4 (A) and (B)). The presence and severity of these 
lesions were related to the LPS instillation and were time dependent (p 
< 0.05). The accumulation of cellular debris in the bronchiolar lumen 
was not significant. 

3.3. Cellular location and anatomic distribution of P. multocida LPS in 
the nasal cavities and lungs of rabbits, as indicated by lectin histochemistry 

3.3.1. Nasal cavity 
Positive lectin staining was characterized by a reddish colour on the 

various cells and structures to which the LPS was bound. At 2 h PI, 
P. multocida LPS was detected on the respiratory epithelium; a fibrillar 
material compatible with mucus on the nasal lumen stained positive for 
LPS, and the preferential location was on the ciliated border of the 
epithelium (Fig. 5 (A)). At 4 h PI, a positive reaction was also evident 
within the cytoplasm of the ciliated cells and GCs; this reaction extended 
to the intracytoplasmic vacuoles (Fig. 5 (B) and (C)) and intercellular 
spaces between epithelial cells. Moreover, the LPS was detected in the 
cytoplasm of the PMNs and was adherent to the cytoplasmic membrane 
of the red blood cells within blood vessels. In some cases, a positive stain 
was seen in gland cells with the presence of inflammation. The LPS 
signal was not observed in the negative controls, except for a faint and 
scant labeling that was observed on some RBCs. 

3.3.2. Lungs 
The LPS of P. multocida was detected in the lungs of animals exposed 

to LPS 2 h PI. Positive staining on the apical membranes of the bron-
chiolar epithelium and within the cytoplasm of some PMNs was already 
visible at this time. The staining intensity markedly increased from 4 h 
PI, at which time the red signal was already evident in the cytoplasm of 
the club cells (Fig. 5 (D)), as well as in the alveolar septae (including type 
I and II pneumocytes and capillaries), in the PMNs located in the alveolar 
capillaries and alveolar lumen (Fig. 5 (E)) and in the PMNs and RBCs 
located in the lumen of the arterial vessels (Fig. 5 (F)). The cytoplasmic 

Fig. 1. (A) Respiratory nasal epithelium of rabbit; 8 h post exposure to P. multocida LPS. Infiltration of PMNs between the epithelial cells (arrows), in the lamina 
propria (*) and in the blood vessels (arrowheads) (HE; 40×). (B) Frequency of occurrence of the different degrees of severity for the PMN infiltration in the nasal 
septal respiratory epithelium of rabbits that were exposed to P. multocida LPS and euthanized at various times PI. 
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membranes of the RBCs were stained in the same manner as those of the 
nasal vessels, and the intensity of the staining seemed to increase when 
they were accompanied by PMNs. No positive signal for LPS was 
observed in the negative controls. 

3.4. Determination of the distribution of P. multocida LPS in the rabbit 
respiratory tract by transmission electron microscopy (TEM) 

A more detailed location of P. multocida LPS was obtained by TEM- 
lectin histochemistry. Strong lectin reactivity to LPS was observed on 
the cilia and on the microvilli of ciliated cells. A positive reaction was 
also localized on the apical membranes of these cells and was also 
observed through their cytoplasm and nuclei and in the cytoplasm of the 
goblet cells. In some dead epithelial cells, the amount of LPS labeling 
seemed to be increased (Fig. 6 (A)). The presence of the molecule along 
the intercellular spaces was corroborated, and it was observed on the 
apical side of the epithelial border between two cells and deeply in the 
inter-cellular space (Fig. 6 (B)). The LPS was also detected in structures 
of the nasal lamina propria such as the cytoplasm and nuclei of venular 
endothelial cells, in RBCs within these vessels and in PMNs infiltrating in 
this region (Fig. 6 (C) and (D)). 

In the lungs, the LPS was detected in the cytoplasm of the intra-
capillary PMNs and RBCs, as well as within fibrocytes and type 2 
pneumocytes (Fig. 6 (E)). Some material compatible with edema in the 
alveolar lumen was also positively stained. Interestingly, the PMNs, the 
RBCs and the plasma in some small arteries showed labeling identical to 

that seen elsewhere. 

4. Discussion 

Several virulence factors have been identified for the effects of 
P. multocida in various animal species (Furian et al., 2013; Harper et al., 
2006; Harper et al., 2013a). However, the pathogenesis of the disease in 
the various host species is poorly understood. Although roles for the 
fimbriae and other surface structures, such as outer membrane protein A 
and filamentous hemagglutinin, have been proposed as factors that are 
involved in the adherence of the microorganism to the respiratory 
epithelium, the mechanism by which the adherence takes place has not 
been elucidated (Dabo et al., 2003; Doughty et al., 2000; Fuller et al., 
2000; Hatfaludi et al., 2010). 

LPS is one of the most important virulence factors of P. multocida and 
other Gram-negative bacteria. However, most studies on this molecule 
have focused on its septicemic and endotoxic effects in different hosts 
(Erridge et al., 2002). Little is known about the role of LPS from various 
Gram-negative pathogens in the early stages of the infection, and to our 
knowledge, even less or nothing has been reported regarding the role of 
P. multocida LPS during the first steps of the infection with this micro-
organism. This work demonstrates, for the first time, the distribution, 
location, effects and possible roles of P. multocida LPS in the early stages 
of exposure of rabbits to the endotoxin. 

LHC and TEM detected the adhesion of LPS to the apical membrane 
of ciliated cells in the first 2 h of the experiment. From 4 h, LPS was 

Fig. 2. (A) Respiratory nasal epithelium of rabbit; 2 h after exposure to P. multocida LPS. Increase in the proportion of GCs compared to other epithelial cells (HE; 
40×). (B) Respiratory nasal epithelium of rabbit; negative control. The tissue shows a normal architecture (HE; 40×). (C) Percentage of GCs in the rabbit respiratory 
epithelium in groups exposed to P. multocida LPS and negative control rabbits, euthanized at various times PI. 
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found within the cytoplasm of ciliated cells, GCs and serous glands of the 
nasal septum and within the club cells in the bronchioli and in type I and 
II pneumocytes and capillaries in lung. These results are consistent with 
those of Risco et al. (1991) with respect to the time and spatial distri-
bution. In that study, rat type 2 cells were treated with the LPS of E. coli 
for various time periods. The authors indicated that the LPS concen-
trated as aggregates onto the microvilli of the type 2 pneumocytes after 
25 min of incubation, and after 60 to 120 min, they found it dispersed 
throughout the cytoplasm of these cells until it reached the nuclei. 
Recently, in an ex vivo study, our group demonstrated that the LPS of 
P. multocida A is internalized into the cytoplasm of ciliated and goblet 
cells, which thereby facilitates the bacteria to adhere to the apical sur-
face of the respiratory epithelium of the rabbit nasal septum (Gallego 
et al., 2017). Even more, a recent work suggests that the treatment with 
LPS induces depolymerization of actin filaments of bovine aortic endo-
thelial cells, which allows a higher number of P. multocida B:2 to interact 
with and to enter to the host cells, gaining access to the bloodstream and 
subsequently, causing septicemia (Yap et al., 2018). 

The internalization of LPS seems to be essential to trigger the 
signaling pathways that finally lead to the transcription and expression 
of inflammatory cytokines in both leukocytes and epithelial cells (Duerr 
et al., 2009; Nova et al., 2019; Thieblemont and Wright, 1997). Inter-
nalization is mediated through the binding of LPS to various membrane 
receptors that have been detected in several cell types, including the 
epithelial cells of the airways (McClure and Massari, 2014). Among 
these receptors, the best known are mCD14 (Yarim et al., 2005), TLR4 
and myeloid differentiation protein 2 (MD2) (Sauter et al., 2007), which 

form a protein complex that is responsible for the recognition and 
intracellular signaling by LPS. Other soluble receptors include LPS- 
binding protein (LBP) and sCD14; these receptors bind LPS in the 
blood plasma and transfer it to cellular receptors, thus increasing the 
activation of cells that lack mCD14 (Haziot et al., 1996; Pugin et al., 
1993). The mechanisms for the internalization and intracellular trans-
port of endotoxin are not clear. However, some authors propose that it 
travels attached to CD14 (Vasselon et al., 1999), while others suggest 
that the internalization involves a clathrin-dependent pathway through 
which it is transported via lipid rafts to the Golgi apparatus to bind 
intracellular TLR4 (Greene and McElvaney, 2005; Guillot et al., 2004; 
Hornef et al., 2003; Wong et al., 2009). Another possibility has shown 
that LBP catalyzes the intercalation of LPS into reconstituted phospho-
lipid bilayers, providing an additional mechanism of LBP mediated 
transport of LPS into host cell membranes and the cytoplasm of human 
monocytes and macrophages (Kopp et al., 2016). Recent work demon-
strated that E. coli LPS enters mice endothelial cytoplasm via bacterial 
microvesicles or by bacterial breaching of the endothelial plasma 
membrane, once intracellular, LPS then induces caspases activation 
which results in severe disruption of the endothelial barrier, release of 
proinflammatory cytokines, influx of leukocytes, and lung edemagenesis 
(Cheng et al., 2017). 

The morphologic changes in both the nasal septa and the lungs le-
sions reported in this work were observed from 2 h PI on and with a peak 
of severity for all lesions at 8 h PI. This time course is consistent with the 
kinetics of the synthesis and release of proinflammatory cytokines in 
other models. For example, in mononuclear cells cultured with E. coli 

Fig. 3. (A) Lung of rabbit exposed to LPS of P.multocida LPS 4 h PI (HE; 20×). Alveolar septae thickening (arrows) due to the presence of inflammatory cells and 
microcirculatory changes: edema, mild hemorrhage, and congestion. (B) Lung of rabbit exposed to LPS of P.multocida 4 h PI (HE; 20×). Early accumulation of PMN 
within the alveolar space (arrow heads); note that the bronchiolar wall and the lumen show no evidence of damage. (C) Negative control lung with normal ar-
chitecture. (HE; 20×). 
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LPS the production of TNF alpha, IL1 and IL6 begins by 1 h of incuba-
tion, reaches a maximum between 4 h and 12 h (de Bont et al., 1996; 
Jansky et al., 2003; Thorley et al., 2007), and remains at high levels for 
at least 24 h (Jansky et al., 2003; Thorley et al., 2007). Li et al. (1998) 
and Eutamene et al. (2005) treated rats with LPS from E. coli and 
P. aeruginosa, respectively, and documented increases in the numbers of 
inflammatory cells within the alveolar spaces of the lungs between 4 and 
8 h PI. These results are consistent with the time at which the highest 
severity of PMN migration through the nasal septum, pneumonic foci 
formation and septal thickening of pulmonary alveolar septa were 
observed in the present study. 

This work reconfirms that exposure of the respiratory epithelium of 
rabbits to P. multocida in a natural (Esquinas et al., 2013), experimental 
(Roa, 2004) or ex vivo (Carrillo et al., 2015; Esquinas, 2007) setting 
results primarily in responses of GCs and PMNs. Moreover, the same 
pattern of response has been demonstrated for B. bronchiseptica (Gallego 
et al., 2013). It can be concluded that a highly stereotypical innate 
defensive response to both bacteria exist in this species. 

The percentage of GCs increased from a “basal” level of a maximum 
of 25% of the total epithelial cells to a peak level >40% by 8 h PI, and 
this proportion was maintained until the end of the experiment. 
Although it is difficult to determine the amount of LPS within these cells, 
there is no doubt that the increase in the number of these cells correlates 
with the presence of LPS. Specifically, an up to five-fold increase in the 

number of mucous cells in the lungs of rats on day 2 after LPS instillation 
has been reported (Tesfaigzi et al., 2000). Furthermore, in the present 
study, the presence of this lesion was LPS-dependent (p < 0.05). There is 
still considerable controversy regarding whether the increases in the 
number of GCs correspond to hyperplasia or hypertrophy, to a mixture 
of both or to even metaplasia (Harkema and Hotchkiss, 1991; Kim et al., 
2004; Tesfaigzi et al., 2000; Yanagihara et al., 2001). In the present case, 
two or even three of the processes described above could be present. 
Specifically, hypertrophy or increased GCs activity in the early hours 
following exposure to LPS and hyperplasia and/or metaplasia by 24 h 
could occur. In vivo studies have demonstrated hypertrophy, hyperplasia 
and metaplasia between 24 and 48 h in rats and mice intranasally or 
intratracheally instilled with LPS (Harkema and Hotchkiss, 1991; Kim 
et al., 2004; Tesfaigzi et al., 2000; Yanagihara et al., 2001), which is 
consistent with our findings. 

The mechanisms by which LPS could induce hypertrophy, hyper-
plasia, metaplasia or even hyperactivity of mucus-producing cells are 
still matter of debate. Some authors argue that proinflammatory cyto-
kines such as the TNF-alpha induced by the action of LPS through the 
activation of NFkß upregulate the expression of growth factors (GF) such 
as epidermal GF and transforming GF alpha, which promote GCs 
metaplasia and induce the expression of mucin genes, mainly MUC5AC, 
by these cells (Burgel et al., 2000; Kim et al., 2004; Li et al., 2013; 
Takeyama et al., 2001; Yan et al., 2008). Independent of the mechanism 

Fig. 4. (A) Frequency of the occurrence of the different degrees of severity for the septal thickening in rabbits that were exposed to P. multocida LPS and euthanized 
at various times PI. (B) Frequency of occurrence of the different degrees of severity for the pneumonic foci in rabbits that were exposed to P. multocida LPS and 
euthanized at various times PI. 
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by which the LPS induces an increase in the activity and/or in the 
number of GCs and other cells in the respiratory epithelium of rabbits, 
the present study provides morphologic evidence that such increases 
could be the result of the direct presence of the molecule within the 
cytoplasm of various types of epithelial respiratory cells. 

Dilated interepithelial spaces, vacuole formation in the cytoplasm of 
ciliated cells, epithelial cell death and damaged cilia were present in the 
respiratory epithelium of the nasal cavity in this study, although these 
findings were inconsistent and usually mild. However, it is important to 
note that these experimental results confirm previous observations of 
our group in rabbits affected with the natural form of the disease, in 

which it was proposed that many of those lesions were due for the effect 
of the LPS of P. multocida on the respiratory epithelial cells of the nasal 
cavity (Esquinas et al., 2013). However, the dilatation of the inter-
epithelial spaces may have another interesting consequence in the early 
pathogenesis of the interaction of P. multocida LPS with the respiratory 
epithelium in the nasal cavity because the molecule was also seen, 
although in lesser amounts, in the apical junction between two ciliated 
cells and deep in interepithelial spaces (Fig. 6 (B)). It is tempting to 
speculate that the origin of these spaces, reported by Esquinas et al. 
(2013) is due to the action of the LPS on the cytoskeleton of these cells. 
An additional important finding in this work was that the LPS of 

Fig. 5. (A) Respiratory nasal epithelium exposed to LPS of P. multocida 2 h PI. Positive LPS labeling within the mucus layer (arrows) (LHC; 40×); some leukocytes 
within the mucus; staining of the apical surface of some GCs (arrowhead) (Aa) (LHC; 100×). (B) Respiratory nasal epithelium exposed to LPS of P. multocida 4 h PI. 
Positive LPS labeling within the cytoplasm of the vacuolated epithelial cells (*) and in the mucus layer (arrow) (LHC; 100×). (C) Respiratory nasal epithelium 
exposed to LPS of P. multocida 4 h PI. Positive LPS labeling in PMNs present in the lumen within the epithelium (+) and in the lamina propria (arrowhead) (LHC; 
100×). (D) Lung of rabbit exposed to LPS of P. multocida 4 h PI. The apical cytoplasm of the bronchiolar club cells was also positive for P. multocida LPS (LHC; 20×). 
(E) Lung of rabbit; 8 h post exposure to P. multocida LPS. Aggregates of PMNs in the alveolar lumen (arrows) showing positive labeling for LPS; some cells of the 
alveolar septae were also positively stained (>) (LHC; 40×). (F) Lung of rabbit; 8 h post exposure to P. multocida LPS. In the lumen of an artery vessel, RBCs (*), PMNs 
(arrows), plasma and some cells of the vessel wall were positive for LPS (arrowhead) (LHC; 40×). 
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P. multocida could also be demonstrated on and within the venular and 
capillary endothelial cells, the PMNs and the membranes of the RBCs 
associated with the lamina propria in the nasal cavity. To our knowl-
edge, this finding has not been reported for this or any other type of LPS. 
Based on these results, two possible routes of entry of the molecule can 
be proposed: transcellular and paracellular routes. Importantly, the 
presence of the LPS within the PMNs or even on the membranes of the 
RBCs provides a way for it to reach the lungs, where more dramatic 
damages are expected, as this study clearly demonstrates. In vitro 
exposure of bovine aortic endothelial cells to P. multocida B:2 or its 
endotoxin leads to ultrastructural damages in these cells that end up 
with cell lysis; these findings highligh the possible mechanism of 

translocation of P. multocida B:2 across capillaries to produce septicae-
mia and death (Puspitasari et al., 2020) and will explain part of our 
results. 

In previous studies by our group, a recurring finding was the ability 
to detect few or no bacteria (P. multocida and/or B. bronchiseptica) in the 
lungs of rabbits affected with the natural respiratory disease using a 
variety of techniques, including bacteriology, TEM and H&E staining 
(Iregui and Mendoza, 1992; Murillo and Iregui, 1993). Based on these 
findings, a new hypothesis was formulated, which proposed that 
because the microorganisms were not found or were only in limited 
numbers in the lungs, they were probably located in the upper airway of 
rabbits and that the effects seen in lungs were due to some pathogenic 

Fig. 6. (A) Nasal septal respiratory epithelium; rabbit exposed to the LPS of P. multocida. Apoptotic cell (AC): note the large number of positive colloidal gold spheres 
(arrowheads) within the cytoplasm of the cell (TEM). (B) Nasal septal respiratory epithelium; rabbit exposed to the LPS of P. multocida. Several colloidal gold spheres 
are located along the spaces between three interdigitating epithelial cells (arrowheads) (TEM). (C) Nasal septum; rabbit exposed to the LPS of P. multocida. LPS was 
also detected in the cytoplasm and nuclei of the endothelial cells (arrows) of blood vessels of the nasal lamina propria as well as in PMNs (TEM). (D) Nasal septum; 
rabbit exposed to the LPS of P. multocida. Positive labeling is present in the endothelial cells, in the interstitium and adhered through a thread-like structure to the 
surface of an RBC and to an endothelial cell (TEM). (E) Lung of rabbit. LPS within a Type 2 pneumocyte (PN) and a RBC (TEM). 
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factor released by the bacteria from this location. However, additional 
techniques such as indirect immunoperoxidase (IIP) failed to show any 
significant numbers of P. multocida or even B. bronchiseptica in the nasal 
cavity, the tonsils or the nasopharynx in the natural disease or in the 
experimental setting (Botero and Iregui, 1999; Roa, 2004). 

Another important finding in the natural and experimental forms of 
the disease in rabbits was the type of lung injury. Contrary to the results 
expected for cases of an airborne origin of the bacterial infection in 
which the lesions would be distributed in a primarily bronchiolo- 
alveolar pattern, the lesions demonstrated a predominantly interstitial 
distribution with characteristics of what was previously known as acute 
respiratory distress syndrome (ARDS) (Iregui and Mendoza, 1992) and 
which is currently best described as diffuse alveolar damage and sub-
sequent interstitial pneumonia. Moreover, further experimental findings 
by our group confirmed these previous observations in the natural dis-
ease, and although rabbits were inoculated with P. multocida by an 
intranasal or intratracheal route, the alterations in the lung were 
observed exclusively in the interstitium with compromised alveolar 
septae and lumens. This finding confirmed that the damage was not 
caused or at least not exclusively caused by the bacteria. Instead, we 
hypothesized that the damage could be the result of some virulence 
factor such as LPS that entered the lung by a hematogenous route from 
regions of the upper airways (Roa, 2004). The present study showed that 
this was indeed the case. 

Lesions to the lungs resulting from inflammatory disorders of distant 
organs including the intestine, pancreas, kidney are very common in 
human patients (Doi et al., 2011; Ji et al., 2014; Levine and Burakoff, 
2011; Zhou et al., 2010). Similar distant pathologies that affect the lungs 
have also been documented in various animal species, such as horses 
that suffer intestinal accidents in which ischemia is followed by reper-
fusion (Montgomery et al., 2014) or in mouse models of gut microbiota 
imbalance (Tang et al., 2021). It has been proposed that upon activation, 
the PMNs in the damaged tissues travel to the lungs where they produce 
and release cytokines, chemokines and reactive oxygen species. These 
substances, in turn, induce increases in the expression of adhesion 
molecules in the capillary endothelium that cause the PMNs to adhere to 
the endothelial cells, cross the pulmonary alveolar capillaries and 
eventually reach the alveolar lumen (Ji et al., 2014). During this process, 
they injure the endothelial and type I epithelial cells. These lesions are 
responsible for diffuse alveolar damage and subsequent interstitial 
pneumonia (Grommes and Soehnlein, 2011). In this study, we demon-
strated that the LPS of P. multocida reached the cytoplasm of PMNs and 
RBCs located in blood vessels under the respiratory epithelium of the 
nasal septae and turbinates during the first 2 h PI. In addition, 2–4 h 
later, a similar LPS labeling was observed in the cytoplasm of PMNs and 
within the lumen of various blood vessels, from the capillaries to the 
arteries or in the blood plasma of the lungs, it was also adherent to the 
RBCs membranes. Priming and possible activation of PMNs by LPS in the 
nasal cavity followed by trafficking of these cells to the lung where they 
cause lesions has, to the best of our knowledge, not been previously 
reported, and this finding represents one of the main contributions of 
this work. 

In this study, RBCs membranes were also found bind to the 
P. multocida LPS. Binding of LPS from other Gram-negative bacteria to 
the RBCs membranes has also been reported (Pöschl et al., 2003). The 
RBC-bound LPS could then be transported to distal sites such as the lung, 
as seen in the rabbits in this study. However, a weak LHC staining was 
evident in some negative RBC controls, which could occur because 
lectins, in general, can recognize carbohydrates on the outer membrane 
of RBCs. This can result in agglutination of the erythrocytes of some 
species. However, we are not aware of any reports of the agglutination of 
rabbit RBCs with Limulus polyphemus lectin. Moreover, the intensity of 
the LHC labeling and the amounts of black spheres observed in the TEM 
of the RBCs of rabbits exposed to LPS were higher than those of negative 
controls. 

In conclusion, our study demonstrates for the first time, that the 

P. multocida LPS is intrinsically able to cause lesions in the respiratory 
tract of rabbits. LPS binds to and is internalized by respiratory epithelial 
cells. Furthermore, it also traverses the intercellular spaces to reach the 
blood vessels, where it binds to and is internalized by PMNs and RBCs. 
These cells may then travel to the lungs where the LPS induces typical 
diffuse alveolar damage that can ultimately lead to interstitial pneu-
monia. To our knowledge, the questions raised in this work have not 
been addressed by any author working with P. multocida in rabbits or in 
any other animal species affected by variants of this pathogen; in 
consequence, our results illustrate a new entry route by which the lungs 
can be reached and damaged by a bacterial LPS, possibly not only in 
rabbits. 
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inmunomarcación de la interrelación de Pasteurella multocida y Bordetella 
bronchiseptica con la mucosa de cavidad nasal y nasofaringe durante el curso del 
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Pöschl, J.M., Leray, C., Ruef, P., 2003. Endotoxin binding to erythrocyte membrane and 
erythrocyte deformability in human sepsis and in vitro. Crit. Care Med. 31 (3), 
924–928. 

Pugin, J., Schurer-Maly, C.C., Leturcq, D., Moriarty, A., R., Ulevitch, J., Tobias, P.S., 
1993. Lipopolysaccharide activation of human endothelial and epithelial cells is 
mediated by lipopolysaccharide-binding protein and soluble CD14. Proc. Natl. Acad. 
Sci. U. S. A. 90 (7), 2744–2748. 

Puspitasari, Y., Salleh, A., Zamri-Saad, M., 2020. Ultrastructural changes in endothelial 
cells of buffaloes following in-vitro exposure to Pasteurella multocida B:2. BMC Vet. 
Res. 16, 186. https://doi.org/10.1186/s12917-020-02415-2. 

Rideau, P., Coudert, P., Mercier, P., Hervouet, P., 1992. A comparative study of the 
virulence of Pasteurella multocida from rabbits (O. cuniculus). J. Appl. Rabbit Res. 15, 
1389–1400. 

Rietschel, E.T., Kirikae, T., Schade, F.U., Mamat, U., Schmidt, G., Loppnow, H., Ulmer, A. 
J., Zahringer, U., Seydel, U., Di Padova, F., et al., 1994. Bacterial endotoxin: 
molecular relationships of structure to activity and function. FASEB J. 8 (2), 
217–225. 

Risco, C., Carrascosa, J.L., Bosch, M.A., 1991. Uptake and subcellular distribution of 
Escherichia coli lipopolysaccharide by isolated rat type II pneumocytes. J. Histochem. 
Cytochem. 39 (5), 607–615. 

Roa, L., 2004. Valoración de la participación de Pasteurella multocida en la enfermedad 
respiratoria de los conejos y caracterización de su interrelación con distintas 
regiones del tracto respiratorio, DMV Thesis. Universidad Nacional de Colombiam 
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