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One-week-old Large White piglets were weaned and allocated to 14 experimental groups, each composed of
five animals. Each group was housed in a separate Rochester exposure chamber and exposed continuously to
gaseous ammonia at either 0, 5, 10, 15, 25, 35, or 50 ppm (two groups per exposure level). One week after
ammonia exposure commenced, the pigs from one group at each exposure level were inoculated intranasally
with 9 3 107 CFU of Pasteurella multocida type D. After a further 4 weeks of exposure, all the pigs were
euthanized and the extent of turbinate degeneration was assessed by using a morphometric index (J. T. Done,
D. H. Upcott, D. C. Frewin, and C. N. Hebert, Vet. Rec. 114:33–35, 1984) and a subjective scoring system
(Ministry of Agriculture, Fisheries and Food, Atrophic Rhinitis: a System of Snout Grading, 1978). Exposure to
ammonia at a concentration of 5 ppm or greater resulted in a significant increase in the severity of turbinate
atrophy induced by P. multocida compared with that occurring in pigs kept in 0 ppm of ammonia. This effect
was maximal at 10 ppm but decreased progressively at concentrations above 25 ppm. Regression analysis
revealed a significant relationship between the severity of turbinate degeneration and the number of P.
multocida organisms isolated from the nasal epithelium at the end of the experiment (R2 5 0.86). These
findings suggest that exposure to ammonia facilitates the growth and/or survival of P. multocida within the
upper respiratory tract of the pig, thereby contributing to the severity of the clinical disease atrophic rhinitis.
Furthermore, exposure of pigs to ammonia at 10 ppm or greater, in the absence of either P. multocida or
Bordetella bronchiseptica, induced a mild but statistically significant degree of turbinate atrophy. The findings
of this study demonstrate that exposure to ammonia, at concentrations within the range encountered com-
monly in commercial piggeries, contributes to the severity of clinical lesions associated with atrophic rhinitis.

Atrophic rhinitis is a disease of the upper respiratory tract of
swine characterized clinically by atrophy and degeneration of
the bony and cartilaginous structures of the upper airways, in
particular the nasal turbinates and septum, and in severe cases
visible shortening or twisting of the snout occurs (7). The
etiology of this disease is complex, with toxigenic strains of
Bordetella bronchiseptica and Pasteurella multocida types A and
D implicated as primary etiological agents by experimental
studies (5, 12, 18, 21). The more severe form of the disease is
known as progressive atrophic rhinitis and is attributed specif-
ically to colonization of the pig’s nasal cavity by toxigenic
strains of P. multocida (17, 21, 25). However, the failure to
consistently reproduce the clinical disease in experimental
studies without depriving pigs of passive immunity, withhold-
ing colostrum (16), or pretreating pigs’ nasal cavities prior to
challenge with a chemical irritant such as acetic acid (18)
suggests that external factors are involved in the etiology of this
disease.
Epidemiological surveys have indicated an association be-

tween the severity of atrophic rhinitis and elevated levels of
aerial pollutants within the buildings in which the pigs were
reared (2, 19). Intensive housing systems expose animals to
high concentrations of aerial pollutants in the form of organic
dust, noxious gases such as ammonia, and bacterial endotoxins
(19). Research to date has failed to clarify the specific effects
that exposure to these pollutants has on the health of inten-

sively housed stock. (9, 15, 24). The objective of this study was
to determine whether exposure to ammonia, at concentrations
encountered in commercial piggeries, influences the severity of
the clinical disease progressive atrophic rhinitis.

MATERIALS AND METHODS

Animals. Seventy minimal-disease piglets were derived from Large White sows
obtained from the Institute of Animal Health, Compton Laboratory, Newbury,
England, The piglets were weaned at 1 week of age and randomly assigned to 14
experimental groups of five animals. Each group was housed separately in a
Rochester exposure chamber built to the design of Timbrell et al. (26). Before
the experiment commenced, all of the pigs were screened for the presence of P.
multocida and B. bronchiseptica by nasal lavage with 10 ml of phosphate-buffered
saline as described by Chanter et al. (3). The recovered fluid was cultured
overnight at 378C on 5% horse blood agar plates with added antibiotics (22) and
Bordet-Gengou media supplemented with antibiotics (20) and examined for the
respective organisms.
Exposure chambers. Each group of pigs was housed for a total of 5 weeks in

a 1.4-m3 stainless-steel Rochester exposure chamber built to the design of Tim-
brell et al. (26). The chambers were run at 270 kPa, giving an air exchange rate
of 60 air changes per h. Air entered each chamber via a HEPA filter and after
traversing the chamber was vented via a HEPA filter to prevent release of
biological material. Within each chamber the air was maintained at a tempera-
ture of 30 6 1.08C and at a relative humidity of 50% 6 5%.
Ammonia from a compressed-gas cylinder (BOC Special Gases, London,

United Kingdom) was introduced into the air inlet pipe of each chamber and
adjusted by using a flow tube (BOC Special Gases). The concentration of am-
monia in each chamber was measured twice daily by using gas diffusion tubes
(Ammonia 5/a 20501; Draeger, Lubeck, Germany) and maintained to within
10% of the target level.
Bacterial inoculum. P. multocida LFB3, a toxigenic isolate from a clinical case

of atrophic rhinitis in a British pig (21) was supplied by the Institute of Animal
Health, Compton Laboratory. The isolate was stored at 2708C in brain heart
infusion broth containing Robertson’s cooked meat granules and 5% glycerol.
Immediately prior to use P. multocida LFB3 was cultured overnight under

aerobic conditions on 5% horse blood agar at 378C. A single colony from this
plate was used to inoculate 10 ml of brain heart infusion broth, which was then
incubated overnight under aerobic conditions at 378C. The number of organisms
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in the broth was determined by a modified method of Miles and Misra (4) using
5% horse blood plates.
Experimental protocol. Groups of pigs were exposed to ammonia at one of

seven concentrations (0, 5, 10, 15, 25, 35, and 50 ppm), with two groups per
exposure level. One week after exposure to ammonia commenced, the pigs from
one group at each of the seven exposure levels were given a bilateral intranasal
inoculation with 93 107 CFU of P. multocida (strain LFB3) in 1 ml of brain heart
infusion broth. After a further 4 weeks of exposure to ammonia all the pigs were
euthanized by an intravenous injection of sodium pentobarbitone and subjected
to a postmortem examination.
Necropsy. Immediately after death, tissue samples (with an approximate sur-

face area of 1 cm2) were taken aseptically from the tonsil and the nasal epithe-
lium at the caudal extremity of the ventral conchal bone. Any macroscopic signs
of disease were noted. The snout was removed by transverse cutting at the level
of the second premolar (13) with a band saw and fixed by immersion in 10%
neutral buffered formalin for 1 week.
Bacteriology. Each necropsy tissue sample was weighed and homogenized in 2

ml of phosphate-buffered saline in a 15-mm-diameter glass homogenizer (Fisons
Scientific, Loughbrough, United Kingdom). The homogenates were diluted by
using a 10-fold dilution series and plated onto 5% horse blood agar containing
neomycin, actidione, and bacitracin (22) by a modified Miles and Misra tech-
nique (4). After overnight incubation under aerobic conditions at 378C, colonies
of P. multocida were identified by colony morphology and counted and the
number of organisms per gram of tissue was calculated. Representative colonies
were further tested by gram staining and indole reactions. The identity of rep-
resentative colonies was confirmed by using API 20E test strips (API-bioMerieux
UK Limited). The homogenates were also screened for the presence of B.
bronchiseptica by plating onto Bordet-Gengou medium (Unipath Ltd., Basing-
stoke, Hants, United Kingdom) with antibiotics as described by Rutter (20).
Snout sections. After fixation in 10% formalin the pig snouts were sectioned

transversely at 5-mm intervals with a band saw. Visual grading of the sections was
performed as described by the Ministry of Agriculture, Fisheries and Food (13).
Radiographs of the sections were taken onto Min-RE film (Kodak Ltd., Hemel
Hempstead, United Kingdom) in detail screen cassettes (Kodak Ltd.) using an
exposure of 42 KV and 6.4 MAS. The radiographic images of the nasal cavity
were analyzed with a computerized image analysis system (VIDS III; Analytical
Measuring Systems, Oxford, United Kingdom). A morphometric index of atro-
phy was calculated on the basis of the ratio of the areas of the nasal cavity to that
of the ventral turbinate (8) as illustrated in Fig. 1.
Histopathology. Transverse histological sections of the pigs’ snouts at the level

of the second premolar teeth were prepared and stained either with Harris’s
hematoxylin and eosin or by the periodic acid-Schiff technique. Using the com-
puterized image analyzer (VIDS III) measurements were taken at nine points
within the nasal cavity (see Fig. 2 for identification of these sites): on the nasal
septum adjacent to the tip of the dorsal turbinate (i); at the junction with the
vomer bone (ii); on the ventral wall of the nasal cavity overlying the palatine
bone (iii); at the most ventral point of the dorsal turbinate (iv); and on the
ventral turbinate at its ventral (v) and dorsal (vi) extremities, centrally on its
medial aspect (vii), and medially inside the coils of the dorsal (viii) and ventral
(ix) spiral lamella. Measurements of (i) the thickness of the nasal epithelium, (ii)
the length of cilia, (iii) the number of cells constituting the thickness of the
epithelium, (iv) the number of and relative area occupied by goblet cells per unit
length of epithelium, (v) the area of the submucosa and the proportion of this
occupied by glandular tissue within a unit length, and (vi) the number of oste-
oclasts per unit area within the ossified core at the tips of the ventral and dorsal
spiral lamella of the ventral turbinate were taken. In addition, any morphological
or inflammatory changes within the epithelium, submucosa, and ossified turbi-
nate core were noted and scored subjectively.
Statistics. Statistical analysis was performed by using a general linear model of

variance and simple regression analysis.

RESULTS

Clinical signs. Throughout the experiments all animals re-
tained a healthy appetite and exhibited normal behavior. Clin-
ical signs of disease were restricted to sporadic sneezing by
some of the pigs in the groups inoculated with P. multocida.
Macroscopic findings. The effect of ammonia and P. multo-

cida infection on the severity of turbinate degeneration of the
young pig is shown in Fig. 3. When P. multocida infection was
combined with prolonged ammonia exposure, the severity of
turbinate degeneration increased at all exposure levels (as as-
sessed by the general linear model of variance [P , 0.001]).
The detrimental effect of ammonia was maximal at 10 ppm,
with a mean morphometric index (MI) of 73.8% (standard
deviation [SD],67.16%) compared with a mean MI of 57.87%
(SD,61.03%) for P. multocida-infected pigs maintained at 0%
ammonia. At ammonia exposure levels above 10 ppm the se-
verity of turbinate degeneration declined progressively to a
mean MI of 62.41% (SD, 61.99%) at 50 ppm of ammonia.
For pigs maintained free of P. multocida, exposure to am-

monia at 10 ppm or greater resulted in a statistically significant
increase in the level of turbinate degeneration compared with
a control group maintained at 0 ppm of ammonia (as assessed
by the general linear model of variance [P , 0.001]). The

FIG. 1. Transverse section of a pig’s snout showing the areas used in calcu-
lating the MI. L, left; R, right; A.R., atrophic rhinitis.

FIG. 2. Transverse section of a pig’s snout showing the sites at which histo-
logical measurements were made.

FIG. 3. Relationship between the severity of turbinate atrophy, as measured
by the MI, and ammonia exposure levels. {, pigs infected with P. multocida; h,
pigs kept free of P. multocida.
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degree of severity of turbinate degeneration was consistently
lower than that induced in the presence of P. multocida. Ex-
posure to ammonia resulted in an increase in the mean MI
from 52.92% (SD,61.98%) at 0 ppm to 61.69% (SD,62.41%)
at 10 ppm, above which ammonia concentration there was no
further substantial increase in MI.
Histopathological findings. There were a number of changes

in the nasal mucosa in response to ammonia exposure in the
absence of P. multocida. These changes included epithelial
hyperplasia, goblet cell hypoplasia, and a mild inflammatory
cell infiltrate (Fig. 4 and 5).
Hyperplasia of the pseudostratified ciliated epithelium lin-

ing the nasal cavity was characterized by gross thickening and
an increase in the number of cells. Those characteristics were
most pronounced on the ventral and dorsal extremities of the
dorsal and ventral turbinates, respectively (Fig. 2, sites iv and
vi). Goblet cell hypoplasia was accompanied by a decrease in
the amount of mucus stored within individual goblet cells.
Changes to the goblet cells were most marked in the epithe-
lium overlying the nasal septum at a point adjacent to the
ventral tip of the dorsal turbinate (Fig. 2, site i), where a
statistically significant reduction in the area of the epithelium
occupied by goblet cells occurred at all ammonia exposure
levels from 10 to 50 ppm (P , 0.05) (general linear model of
variance; data not shown).
The inflammatory cell response was confined to a slight

increase in the number of intraepithelial lymphocytes in the
epithelium and a mild inflammatory cell infiltrate within the
submucosa (data not shown). In addition, exposure to ammo-

nia at 10 ppm or greater evoked the formation of microcysts
within the nasal epithelium. In pigs exposed to 35 and 50 ppm,
these cysts tended to contain necrotic cell debris and to be
grossly distended, causing the overlying epithelium to be dis-
torted into irregular folds. The bony core of the ventral turbi-
nates had a normal histological appearance; however, analysis
revealed that the number of osteoclasts per unit area of spic-
ular bone increased significantly at ammonia exposure levels of
10, 25, 35, and 50 ppm (P , 0.05) (general linear model of
variance) (Table 1).
When ammonia exposure was combined with P. multocida

infection, there was a marked increase in the severity of in-
flammatory response compared with that induced by exposure
to ammonia alone. Within the epithelium this was seen as a
marked increase in the number of intraepithelial lymphocytes.
The population of inflammatory cells within the submucosa
was also markedly increased and tended to be concentrated
around the ducts leading from submucosal glands (Fig. 6).
The principal change associated with turbinate atrophy was

a loss of intramembranous bone at the core of the ventral
turbinates, characterized by a loss of bony spicule and a
marked influx of fibrous connective tissue.
Bacteriological findings. All pigs were found to be free from

P. multocida and B. bronchiseptica at the commencement of the
experiment. Furthermore, all tissue samples collected from the
pigs at necropsy were found to be free of B. bronchiseptica and
those samples collected from pigs not inoculated with P. mul-
tocida were also free of that pathogen.
The influence of prolonged ammonia exposure on the num-

FIG. 4. Micrograph of the mucosal membrane overlying the nasal septum (Fig. 2, position i) from a pig in the control group, i.e., a group kept in clean air and not
challenged with toxigenic P. multocida, showing pseudostratified ciliated epithelium (P) containing numerous goblet cells (G) and the lamina propria containing
submucosal glands (S) and ducts (D). The membrane was stained with hematoxylin and eosin. Magnification, 3312.
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ber of P. multocida organisms isolated from the upper respi-
ratory tract of the pig is shown in Fig. 7. The number of
organisms isolated per gram of tissue was significantly higher
for the tonsil than it was for the nasal epithelium at all expo-
sure levels. The number of P. multocida organisms isolated
from the tonsil increased progressively with increasing ammo-
nia exposure levels to reach a maximum at 35 ppm and decline
again by 50 ppm. In contrast, the number of P. multocida
organisms isolated from the nasal epithelium increased at
higher ammonia levels to a plateau between 10 ppm and 25
ppm and declined thereafter. Regression analysis revealed a
significant relationship between the number of P. multocida
organisms (CFU per gram) isolated from the nasal membrane

and the severity of turbinate damage (R2 5 0.86). In contrast,
regression analysis for the tonsils failed to demonstrate signif-
icance (R2 5 0.51).

DISCUSSION

Pigs reared in intensive production systems are exposed con-
tinuously to gaseous ammonia released during the microbial
degradation of their excrement. Ammonia levels within com-
mercial pig buildings are typically in the region of 10 to 25 ppm
(2, 14, 19); however, in some instances levels as high as 90 ppm
have been recorded (23).
Ammonia is a colorless gas with a characteristic odor. It is

extremely soluble in water, in which it hydrolyzes to form
ammonium ions. Ammonia is highly toxic to mammalian cells
and at concentrations of 100 ppm and above evokes marked
irritation of the mucous membranes of the eyes, nose, and
throat (6).
The findings of this study confirm an association between

prolonged exposure to ammonia (5 to 50 ppm) and the severity
of turbinate degeneration induced by P. multocida, as pre-
dicted by epidemiological surveys (2, 19). Particularly notewor-
thy in this context is the observation that the exacerbating
effect of ammonia on turbinate degeneration was greatest over
the ammonia exposure range encountered commonly in com-
mercial piggeries, i.e., 10 to 25 ppm.
Quantitative microbiology revealed that the tonsil harbored

consistently larger numbers of P. multocida organisms than

FIG. 5. Micrograph of the mucous membrane overlying the nasal septum (Fig. 2, position i) from a pig exposed to 10 ppm of aerial ammonia only, showing the
epithelial hyperplasia, a loss of goblet cells, and intraepithelial vesicles (V). The membrane was stained with hematoxylin and eosin. Magnification, 3312.

TABLE 1. Numbers of osteoclasts per unit of area in the ventral
aspect of the ventral turbinate in pigs exposed to ammonia only

at concentrations of 0, 10, 15, 25, 35, and 50 ppm

Ammonia concn
(ppm)

Mean osteoclast concn
(no./mm2) SD

0 8.14 2.69
5 6.07 4.01
10 13.19 4.61
15 9.30 3.33
25 11.73 5.24
35 13.63 8.56
50 14.67 3.81
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were present on the nasal epithelium. A predilection by P.
multocida for the tonsil as a colonization site has been reported
previously, and the potential for osteolytic toxin absorption at
this site has been discussed (1). However, despite the larger
numbers of P. multocida isolated from the tonsil, analysis re-
vealed a closer correlation between the severity of turbinate
degeneration and the number of P. multocida organisms iso-

lated from the nasal epithelium (R2 5 0.86 compared with 0.51
for the tonsil). This finding suggests that local absorption of
osteolytic toxin across the nasal mucosa is more important in
inducing turbinate atrophy than is absorption occurring at the
tonsil, possibly because the latter route necessitates systemic
transfer. Of potential importance in this context is the inflam-
matory response seen around the ducts and associated submu-
cosal glands of pigs infected with P. multocida. This response
could indicate proliferation of P. multocida within subepithe-
lial structures, where the organism would be partially protected
from the nonspecific mucociliary defenses of the epithelium.
The mechanism by which ammonia enhances colonization

by P. multocida is unclear. It is possible that exposure to am-
monia alters the conditions within the upper respiratory tract
to create an environment more favorable to the growth of P.
multocida. Potentially this could be achieved by one or more of
the following mechanisms: (i) disrupting the integrity of the
host’s mucosal defenses, (ii) altering the competing commensal
flora, and (iii) directly affecting the viability and/or growth of
the pathogen. No attempt to evaluate the latter two mecha-
nisms was made during the course of this study. However, for
the first mechanism, histological examination revealed direct
evidence of the pathological effects of ammonia on the muco-
sal lining of the upper respiratory tract. Similar pathological
changes have been observed in the epithelial lining of the
tracheas of pigs exposed to ammonia at 50 ppm, and these
changes correlated with a reduction in the rate of bacterial

FIG. 6. Micrograph of the mucous membrane overlying the ventral turbinate (Fig. 2, position vi) from a pig exposed to 10 ppm of aerial ammonia and inoculated
with toxigenic P. multocida, showing numerous intraepithelial lymphocytes (L) and a low-grade inflammatory response in the lamina propria concentrated around the
duct of a submucosal gland. The membrane was stained with hematoxylin and eosin. Magnification, 3312.

FIG. 7. Effect of ammonia concentration on the numbers of P. multocida
organisms isolated from the tonsil (■) and nasal mucosa (}) at necropsy.
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clearance (10, 11). It is therefore likely that the damage caused
to the mucosal defenses of the nasal cavity by ammonia facil-
itates colonization by P. multocida.
In the present study the severity of pathological changes to

the nasal mucosa increased progressively across the ammonia
exposure range investigated. In contrast, the effects of ammo-
nia on both the severity of turbinate atrophy and the number of
P. multocida organisms isolated from the upper respiratory
tract followed a curvilinear profile, initally rising and then
falling back. It therefore follows that while the damaging effect
of ammonia exposure on the integrity of the upper respiratory
tract mucosa may contribute to enhanced colonization by P.
multocida, this mechanism alone is unlikely to be the sole
explanation for the exacerbating effect of ammonia. A possible
explanation for the decline in population density of P. multo-
cida seen at higher ammonia exposure levels includes the bac-
tericidal effect of ammonia at high concentrations (27) and the
increasing inflammatory response observed both here and in
the study of Doig and Willoughby (6). Further studies are
needed to clarify the mechanisms by which ammonia influ-
ences the colonization of the pigs’ upper respiratory tract by P.
multocida.
In addition to the effect of ammonia on atrophic rhinitis

induced by P. multocida, exposure to ammonia at 10 ppm or
greater in the absence of either P. multocida or B. bronchisep-
tica resulted in a slight but statistically significant level of tur-
binate degeneration. The explanation for this finding is un-
clear; however, the observed increase in the number of
osteoclasts per unit of area within the intramembranous bone
of the nasal turbinates suggests that the underlying mechanism
is one of increased bone absorption.
In conclusion, the findings of this study demonstrate that

exposure to ammonia, at concentrations within the range en-
countered commonly under commercial conditions, markedly
increased the severity of lesions associated with the clinical
disease atrophic rhinitis. It follows that the severity of atrophic
rhinitis in commercial pig herds could be markedly reduced by
improving air hygiene.
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