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ABSTRACT

Within various animal and industrial settings there are concerns about air quality related to
animal manure and by-products. Ammonia (NH3) is an air pollutant and irritant that has been
recognized to cause various clinical signs in people and animals, including the development of
respiratory disease. Ammonia concentrations in the microenvironment of laboratory rodents can
be altered based upon housing and husbandry practices. These differences could potentially
serve as a variable in certain research models, especially those involving respiratory
investigations. In this study, female C57BL/6J mice were separated into groups that were either
housed in individually ventilated or filter-topped caging without forced ventilation (hereafter
referred to as static caging), and cages changed at either 1 or 2 week intervals. Within 5 days,
static cages reached a significantly higher concentration of NH3 than the ventilated cages. The
effect of this ammonia exposure on pulmonary inflammation, pathogen clearance, and surfactant
levels after intranasal challenge with Mycoplasma pulmonis infection was then assessed.
Baseline levels of inflammation, prior to infection, tended to be higher in mice housed in static
cages and for mice that had their cages changed at 2 week intervals, however these differences
were not statistically significant. Exposure to higher concentrations of ammonia exacerbated the
mycoplasmal infection in mice housed in static cages, causing them to have higher CFU counts
in the earlier stages of infection when compared to mice in ventilated cages. Mice in static cages
also experienced a rapid decrease in pulmonary mycoplasma burden, while mice in ventilated
cages had a much slower rate of clearance. The effect of mycoplasma on pulmonary surfactant
proteins was characterized by a significant increase of surfactant protein A (SP-A) at 3 days
post-infection. SP-A levels resolved back to baseline by 14 days post-infection. The observed
variation in mycoplasma infection and fluctuation of local humoral immunity may have
iii

confounding effects on mice used as models of respiratory disease. When institutions or
facilities consider changing housing and husbandry practices of laboratory rodents, it is critical to
consider physiological and pathologic effects and its potential impact on research.
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INTRODUCTION
Occupational exposure of humans to ammonia occurs in university and industrial research
animal facilities and large confinement facilities for production of livestock and poultry. The
expansion of livestock and poultry production into larger and more confined spaces has been the
trend in the United States since the 1950s. There are at least 700,000 workers in commercial
livestock and poultry facilities23. Furthermore, there have been growing public concerns about
agricultural practices and animal welfare, and the impact of such operations to public health at
large. Ground water and air quality issues arise due to animal manure and related by-products.
One such pollutant, ammonia, has been linked to the development of respiratory disease23.
Ammonia is produced when urease-producing bacteria interact with urea in animal excrement.
Workers in the livestock and poultry industries have been reported to experience eye irritation,
headaches, and multiple acute and chronic respiratory symptoms, including irritation of the nose,
pharynx, and sinuses and in severe cases, develop bronchitis and hyper-reactive airway disease55.
Primary pulmonary obstruction and wheezing resulting from exposure to ammonia-polluted air
can lead to chronic obstructive pulmonary disease, asthma, inflammation, and recalcitrant
infections of the respiratory tract. Veterinarians that work as large animal practitioners typically
will have less ammonia exposure than the livestock and poultry workers. However, these
veterinarians have been reported to have an increased prevalence of respiratory disease
symptoms, such as chronic cough and phlegm production, when compared to veterinarians of
other specialties69.
Animals are similarly susceptible to ammonia-induced pulmonary disease. Exposure to high
levels of ammonia in commercial facilities is associated with respiratory dysfunction in livestock
and poultry with destruction of the respiratory epithelium in severe cases19, 27. Mice and rats
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experimentally exposed to toxic levels of ammonia displayed clinical signs such as dyspnea,
ataxia, convulsions, eye and nose irritancy characterized by snuffling, head shaking, blinking,
and scratching, and death in the most severe cases7, 36. Ammonia is an alkaline, corrosive, and
irritant gas that is very water soluble. It reacts with the moisture of the mucous membranes of
the eyes, mouth, and respiratory tract to form ammonium hydroxide in an exothermic reaction,
resulting in thermal and chemical burns47. Dust, another common environmental pollutant that is
commonly present in animal settings, can serve as a source of ammonia deposition into the lower
respiratory tract since ammonia can readily absorb into dust particles. Dust particulate can range
from larger (300 µm), less respirable particles, to very fine particulate matter of < 50 µm, which
can settle deep within the alveoli5, 77. The mucociliary system of the respiratory tract is the first
line of defense against inspired noxious stimuli and pathogens. Exposure of the ciliated
respiratory epithelium to the damaging effects of ammonia are known to cause decreased
mucociliary beating40. Disruption of the respiratory mucociliary escalator initiated by ammonia
exposure can then promote establishment of chronic infections and inflammation of the airway
mucosa7, 63.
The vast expansion of biomedical research knowledge through the use of transgenic mice in
the last 25 years provides unique opportunities to identify mechanisms of occupational
respiratory disease. With numerous options for the husbandry of mice, such as cage and bedding
material types, identification of potential effects that these various environmental conditions can
have on the respiratory tract of rodents is important. Current practices in many facilities consist
of performing cage changes every 1 to 2 weeks, with some facilities extending these practices to
every 4 weeks. Cage change frequency practices are established at various institutions by
considering a number of variables of which impact animal health, welfare, and cost. Ideally, an
2

appropriate sanitation program will provide clean and dry bedding, adequate air quality, and
clean cage surfaces and accessories48. When establishing performance standards for a sanitation
program different from those which are recommended in the Guide, verification of the
microenvironmental conditions should be evaluated, including intracage humidity, temperature,
animal behavior and appearance, microbiologic loads, and pollutants such as carbon dioxide, and
ammonia levels. Though there are currently no established ammonia exposure limits for
laboratory animals, the human occupational exposure limit of 25 ppm as an 8 hour timeweighted average, established by the National Institute for Occupational Safety and Health, is
often referenced as a guideline for animals38. There are multiple factors that influence intra-cage
and ambient ammonia levels, such as animal cage density, sex, age, bedding type, reusable
versus disposable caging, static versus individually ventilated caging, and cage change
frequency7, 57, 58, 72. There is only limited information concerning the effect of natural intra-cage
ammonia levels on respiratory function in experimental rodents and whether exposure to high
ammonia levels under current standard practices impacts the results of respiratory disease
research.
The first line of defense against respiratory pathogens includes anatomical and physiological
barriers such as an intact epithelium and the mucociliary clearance system. Exposure to natural
intracage ammonia levels may potentially compromise the epithelium of the lower respiratory
tract. The body will then need to rely on cells of the innate immune system to provide an
immediate defense response. Macrophages are among one of the first inflammatory cells to
respond to a microbial infection, and together with alveolar epithelial cells will also produce
cytokines, chemokines, and growth factors to help facilitate clearance of the infection28.
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Pulmonary surfactant controls innate host defense and inflammatory responses of alveolar
macrophages in the lower respiratory tract. Pulmonary surfactant is largely known for its role of
reducing the surface tension of the alveoli, preventing alveolar collapse, and for its immune role
as a barrier to infection30. Other homeostatic functions of surfactant include enhancement of
mucociliary clearance, inhibition of leakage of serum components into the lung, and
opsonization and clearance of pathogens14, 28. Pulmonary surfactant is composed of
phospholipids, cholesterol, and proteins. Surfactant proteins A (SFTPA1, SP-A) and D (SFTPD,
SP-D), produced by Club (previously known as Clara) and alveolar type II cells, are hydrophilic
and play a role in the innate immune response and surfactant structure in the lung. In vitro
studies have shown that SP-A and SP-D are able to recognize and bind to Mycoplasma
pneumoniae with high affinity 9, 51. Surfactant protein-A has also been demonstrated in vivo to
help control pulmonary mycoplasma bacterial loads when compared to mice with deficient SPA31. SP-A deficient mice develop more severe lung injury and have reduced ability to clear
infections when infected with M. pulmonis or M. pneumoniae compared to wild type mice of the
same strain33, 73. Surfactant protein B (SFTPB, SP-B) is also produced by Club and alveolar
type II cells, while surfactant protein C (SFTPC, SP-C) is produced by alveolar type II cells only.
Both proteins are hydrophobic and help to increase the adsorption of surfactant lipids to the airlipid interface of the alveolus37. Absence of SP-B has been shown to be lethal in newborns and
animals70. Various inflammatory lung diseases can alter surfactant levels in the lung10, 17, 68, 76.
The importance of ammonia as an airborne hazard to respiratory health is based on deposition
and synergistic effects with dust particles that arise under confined animal housing conditions.
Ammonia binds aerosolized contaminants from dried food, bedding, feces, animal hair,
endotoxins, environmental bacteria, and other normally innocuous opportunistic pathogens. In
4

this context, I sought to determine the effect of intra-cage ammonia accumulation on respiratory
immune health and susceptibility to infection in wild type C57BL/6J mice.
Mycoplasma pulmonis was chosen as the infectious agent in this project because the
characteristics of infection have been well documented in the literature. Mycoplasma pulmonis
is a mycoplasma species that is specific to rodents. It has been previously used in the literature
as a model for the human-specific mycoplasma species, Mycoplasma pneumoniae. Infection
with Mycoplasma pneumoniae, which frequently is the cause of tracheobronchitis and other
upper respiratory symptoms, is often called walking pneumonia in the general human population.
Infection of mice with M. pulmonis can reproduce features of human mycoplasmosis. The
severity of infection can vary among different strains of mice, due to genetic differences, with
the C57BL/6 being the most resistant8. Infection with M. pulmonis in rodents is known to cause
rhinitis, otitis media, tracheitis, and pneumonia, which increases significantly in severity with
ammonia exposure7, 43. Previous studies demonstrated enhanced multiplication of M. pulmonis
in mice and rats exposed to ammonia levels as low as 50 ppm 60. There is also variability in
strains of M. pulmonis used for experimental infection, with some strains, such as UAB CT,
causing more severe pneumonic lesions than others 12. Recent studies have shown that
pulmonary mycoplasma infections in mice lead to surfactant dysfunction, and SP-A-deficient
mice develop more severe lung injury and have reduced ability to clear infections when infected
with M. pulmonis or M. pneumoniae compared to wild type mice of the same strain33.
My first aim was to analyze the relationship of chronic exposure to natural levels of intracage
ammonia on baseline inflammatory conditions. I hypothesized that mice housed in ventilated
caging will have access to a cleaner air environment with less ammonia build-up, and therefore
will have lower concentrations of leukocytes recovered by bronchoalveolar lavage. My second
5

aim was to determine whether prolonged exposure to intracage ammonia at different cage change
intervals alters susceptibility, inflammatory responses, and levels of pulmonary surfactant
proteins in response to M. pulmonis infection. I hypothesized that chronic exposure to higher
levels of ammonia will alter surfactant homeostasis and exacerbate chronic infection and
inflammation due to M. pulmonis.

MATERIALS AND METHODS
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Animals. All experimental protocols were approved by the Penn State College of Medicine
M.S. Hershey Medical Center Institutional Animal Care and Use Committee and adhered to the
Guide for the Care and Use of Animals in Research 48. Any animal experiencing severe dyspnea
was removed from the study and humanely euthanized.
Experiments involved female C57BL/6J mice, acquired at 6-7 weeks of age (000664, Jackson
Laboratories, Bar Harbor, ME). All mice were free of known infections with mouse hepatitis
virus, minute virus of mice, mouse parvovirus, mouse norovirus, Theiler murine
encephalomyelitis virus, epizootic diarrhea of infant mice virus, Sendai virus, M. pulmonis,
pneumonia virus of mice, reovirus 3, lymphocytic choriomeningitis virus, ectromelia virus, and
endo- and ectoparasites, as monitored by testing of dirty bedding sentinel mice housed in the
same room.
Equipment & Housing. Mice were housed in groups of four on Tek-Fresh bedding (Harlan
Teklad, Indianapolis, IN) in Max 75 polycarbonated cages (Alternative Design Manufacturing
and Supply, Siloam Springs, AR). Mice received standard rodent chow (2018 Teklad Global
18% Protein Diet, Harlan Teklad, Indianapolis, IN) and tap water ad libitum. Mice were divided
into groups that would be housed with filtered tops without forced ventilation (hereafter referred
to as static cages) or in individually ventilated cages (IVC) under positive pressure with 50 air
changes per hour. The bedding of each cage was measured to be approximately 1 cm deep. A
gas sampling port was installed in the front of the cage, made of a stainless steel commercial
bulkhead barbed tubing connection (MBHA-1332-316, Beswick, Greenland, NH). The bottom
of the port was approximately 1.9 cm above the top of the bedding, the approximate height of a
mouse’s nose. A 4 cm long piece of plastic intravenous tubing (2C5630, Baxter Healthcare,
Deerfield, IL) was attach to the exterior of the sampling port. The Luer lock cap and the
7

standard pinch clamp on the tubing were used to effectively stop air from flowing in and out of
the port during the times when sampling was not in progress. (Figure 1) The Drager CMS Gas
Analyzer and Remote System (models 6405300, 6405060, Industrial Environmental,
Worthington, OH) were used for ammonia sampling. The gas analysis system is electronic and
self-calibrating. When the system is turned on, it performs a self-test. The system calibrates
when the measurement chip is inserted into the machine.

Figure 1. Cage port design for ammonia measurements.

General Study Design. Once received, mice were randomly divided into groups of 4 by the
animal care staff, and all mice were housed in IVCs with Tek-fresh bedding and 50 air changes
per hour during acclimation. Once acclimated, half of the mice were randomly assigned to be
housed in static cages and the remaining mice housed in IVC. In experiment 1, mice (designated
as no vehicle) had cage change frequencies of either every 7 or 14 days. These mice were used
to obtain baseline white cell counts by bronchoalveolar lavage (BAL). They did not receive any
intranasal inoculations prior to BAL collection. In the low-dose (104 CFU) mycoplasma
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experiment, cages were changed every 7 days. For the moderate (3 x 106 CFU) and high dose
(107) mycoplasma experiments, cages were changed every 14 days. At least 2 cage changes
were performed prior to infection with M. pulmonis. Post-infection, mice (n=8, unless otherwise
stated) were euthanized at 3, 5, 7, or 14 days. All mice were between 13-18 weeks of age at the
time of euthanasia.
Ammonia Measurements. For intracage ammonia (NH3) sampling, the plastic tubing was
removed from the port and the sampling hose of the Drager CMS Remote System was attached.
The hose was allowed to flush for 6 minutes prior to each sampling. Samples were recorded
daily between the hours of 1500-1700.
For NH3 measurements, chips with a detection range of 2.0-50 ppm and 10-150 ppm were used.
Chips were accurate to 7% to 8% of the measured value and reproducible at 10% to 12%21, 22.
Inoculations. Once the appropriate numbers of cage changes were performed, mice were
infected with the UAB CT strain of M. pulmonis (Dybvig, University of Alabama at
Birmingham, Department of Microbiology, Birmingham, AL) intranasally. Stock cultures of M.
pulmonis were grown in mycoplasma broth, consisting of mycoplasma broth base, 20 g.; 1.0%
phenol red, 2 ml.; inactivated horse serum, 200 ml.; 50% glucose, 10 ml.; IsoVitalex, 5 ml.
(211875, BD, Franklin Lakes, NJ); DNA 20% stock, 1 ml.; cefoperazone sodium salt 250 mg/ml,
260 µl (C4292, Sigma-Aldrich, St. Louis, MO). The medium was adjusted to pH 7.8. One
milliliter of stock was added to 9 ml of the mycoplasma broth, incubated at 37 C while shaking
at 50 rpm. The mycoplasma was harvested in the late log phase. The CFUs of the stock was
determined by performing multiple dilutions on plates made with the same mycoplasma agar
ingredients listed above, with the addition of SeaPlaque Agarose, 11g (NC9664839, Fisher
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Scientific, Waltham, MA). The stock was frozen in 1-ml aliquots at -80 °C. On the day of
infections, each aliquot was thawed and placed in 9 ml of mycoplasma broth for 3 hours in a 37°
C incubator, shaken at 150 rpm. The culture was then centrifuged at 1783 rpm for 22 minutes.
The supernatant was removed and the pellet was resuspended with 5 ml of high glucose DMEM
(11965-084, Life Technologies). The sample was centrifuged again at 1783 rpm for 22 minutes
at 4° C. The supernatant was removed and the pellet was resuspended with the necessary
amount of high glucose DMEM for infections. Prior to infections, mice were anesthetized with
100 mg/kg ketamine + 10 mg/kg xylazine injected intraperitoneally. Mice were then intranasally
inoculated with 30 μl of M. pulmonis. For the low-dose mycoplasma experiment, mice housed at
7-day cage-change intervals were inoculated with 104 CFU of M. pulmonis and were euthanized
at 3, 7, and 14 days post-infection (3d PI, 7d PI, 14d PI). For the moderate-dose mycoplasma
experiment, mice housed at 14-day cage-change intervals were inoculated with 3x106 CFU of M.
pulmonis to achieve a more robust inflammatory response, and were euthanized at 5 days postinfection (5d PI). The mice in the high-dose mycoplasma experiment mice were housed at 14day cage-change intervals. They were inoculated with 107 CFU of M. pulmonis and were
euthanized at 3, 7, and 14 days post-infection. The control (vehicle) group represents mice that
received sterile DMEM solution. Control mice for each experiment were inoculated with sterile
DMEM and were euthanized at 3 days post-inoculation. There was one experiment performed
where the inoculation CFU count was not determined, and the mice experienced severe
respiratory difficulties between days 3 to 7 post-infection. The majority of these mice were
euthanized for humane purposes, and the experimental group was not included in analysis due to
insufficient data.
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Necropsy & Histopathology. At the time of euthanasia, mice were anesthetized with 100
mg/kg ketamine + 10 mg/kg xylazine injected intraperitoneally, and were euthanized by
exsanguination via laceration of the abdominal aorta. The mice from the ‘no vehicle’
experiment were euthanized at the end of two consecutive cage-change cycles. Mice from the
infection experiments were euthanized at 3 days, 7 days, or 14 days post-inoculation. Six mice
from each group were then subjected to BAL. The BAL fluid was obtained by instilling PBS, 1
mM EDTA into the lungs through a tracheal cannula using a volume equal to 80% of lung vital
capacity (5 × with 0.5 ml of PBS, 1 mM EDTA) for a total of 2.5 ml. For each of the five
washes, the fluid was instilled and withdrawn 3 times with chest massage during withdraw. The
BAL fluid was then centrifuged at 100 × g for 6 min and the cell pellet washed with 500 mL of
PBS, 1 mM EDTA. Total cell counts were performed using a hemocytometer and cytocentrifuge
preparations done to obtain differential cell counts. The washed cells were then centrifuged again
and the pellets frozen in Trizol reagent (15596018, Life Technologies, Grand Island, NY) at 80°C for subsequent studies. Lungs were homogenized, aliquoted into 50 μl samples, and frozen
at -80°C for subsequent studies. Lavage and lung homogenate samples from each mouse were
used to inoculate plates to obtain a mycoplasma CFU count.
Two mice from each group were used for histology. The lungs were fixed by injecting 1 ml
of 10% neutral buffered formalin (NBF) into the trachea using a 27-g needle. The lungs were
then removed and allowed to fix in 10% NBF for histology. The pelt was removed from the
skull and the heads were decalcified in Formical-4 (Decal Chemical Corp, Tallman, NY).
Tissues were processed in an automated Tissue-Tek VIP processor and paraffin-embedded with a
Tissue-Tek TEC embedding station (Sakura Finetek USA, Torrance, CA). Sections were cut at 6
µm for routine hematoxylin and eosin (H&E) staining. All images were obtained with an
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Olympus BX51 microscope and DP71 digital camera using cellSens Standard 1.6 imaging
software (Olympus America, Center Valley, PA).
Histological scoring. A reference section was cut from each lung lobe. Lungs from mice
that did not receive any intranasal inoculations were subjectively scored for injury due to
ammonia exposure; edema by microvascular injury, bronchoalveolar damage, hemorrhage due to
capillary leakage or endothelial damage, fibrosis of airways, and the level of epithelial
regeneration (Table 1). Using an adapted scoring system 11, lung lobes of infected mice were
scored for three of the most characteristic lesions of murine respiratory mycoplasmosis;
lymphoid infiltrates, neutrophilic exudation, and parenchymal consolidation. A reference section
was cut from each lung lobe. A score of 0 indicates that the lung lobe is normal. For
comparison of group scores, the sum of scores for each lung lobe from individual animals was
divided by the sum of maximal scores possible. A lesion index of 1.0 indicates the most severe
pulmonary changes (Table 2). Lungs were scored by 2 individuals blinded to treatment and the
average scores were reported.
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Table 1. Subjective scoring of lung lesions in mice with intra-cage ammonia exposure only:
Edema by microvascular injury
0: no proteinaceous fluid in the interstitial space or alveoli
1: fluid within the interstitial space, but not in the alveoli
2: fluid within the interstitial space, with mild to moderate amounts in the alveoli
3: fluid within the interstitial space and pooling within the alveoli
Bronchoalveolar damage
0: airway epithelium is within normal limits
1: attenuation, denudation, and/or necrosis of epithelial cells of the bronchi only
2: attenuation, denudation, and/or necrosis of epithelial cells of the bronchi and bronchioles
3: attenuation, denudation, and/or necrosis of epithelial cells of the bronchi, bronchioles, and alveoli
Hemorrhage due to capillary leakage or endothelial damage
0: no erythrocytes in the alveolar lumina
1: <25% of the alveolar lumina have hemorrhage
2: 25-50% of the alveolar lumina have hemorrhage
3: >50% of the alveolar lumina have hemorrhage
Fibrosis of airways
0: no increase in connective tissue
1: fine fibrils in <50% of the area without coarse collagen
2: fine fibrils in >50% of the area without coarse collagen
3: fine fibrils in 100% of the area with coarse collagen in <50% of the area
4: fine fibrils in 100% of the area with coarse collagen in >50% of the area
Epithelial regeneration
0: complete regeneration of epithelium/ normal tissue
1: almost complete regeneration
2: regeneration with areas of denudation
3: no tissue repair
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Table 2. Subjective scoring of mouse lungs infected with M. pulmonis:
Lymphoid infiltrates
0: few or no lymphocytes around the major airways, bronchioles, or blood vessels..
1: mild infiltration with extension of the infiltrates along the major airways, bronchioles, or
blood vessels.
2: moderate increase in the numbers of lymphoid cells in any location
3: almost complete cuffing of bronchi, bronchioles, and blood vessels by lymphoid cells
Neutrophilic exudation
0: no neutrophils in any airways
1: up to 10% of airways have neutrophils within the lumen
2: 11- 25% of airways have neutrophils within the lumen
3: 26-50% of airways have neutrophils within the lumen
4: 51-75% of airways have neutrophils within the lumen
5: 75-100% of airways have neutrophils within the lumen
Parenchyma consolidation
0: no alveoli are filled with neutrophils or macrophages
1: neutrophils and/or macrophages are in up to 10% of the alveoli
2: 11-25% of the alveoli are filled with neutrophils and/or macrophages
3: 26-50% of the alveoli are filled with neutrophils and/or macrophages
4: 51-75% of the alveoli are filled with neutrophils and/or macrophages
5: 76-100% of the alveoli are filled with neutrophils and/or macrophages

Micro BCA Protein Assay. Pierce Micro BCA Protein Assay was used to analyze the
protein within the BAL (23235, Thermo Fisher Scientific, Hudson, New Hampshire). Twentyfive microliters of lavage was added to dH20. Micro BCA Reagents were mixed according to
manufacturer instructions. RNase A was used as a standard curve. Absorbance was measured
with an ELISA reader at 570 nm.
Western Blots. Two hundred microliters of the BAL samples were frozen and lyophilized
until complete dryness and resuspended in 40 μl of reducing sample buffer for SP-A and SP-D
proteins and non-reducing sample buffer for SP-B protein. Sample application pieces (80-112946, GE Healthcare, Waukesha, WI) were applied to a 12.5% ExcelGel SDS-polyacrylamide 2-D
homogenous gel and 5 µl of each sample were loaded onto the application pieces.
Electrophoresis equipment consisted of a BioRad 3000xi, computer controlled, electrophoresis
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power supply; Pharmacia LKB EPS 500/400; Amersham Biosciences Multiphor II, Pharmacia
Biotech Multiphor II, LKB Bromma 2117 Multiphor II, and Forma Scientific 2352 S/N 23520.
The electrophoresis was performed using the following settings and times: 30 minutes at 300 V
and 20 mA; 15 minutes at 300 V and 50 mA; samples application pieces were removed from the
gel and the electrophoresis was continued for 20 minutes at 300 V and 50 mA. Proteins where
then transferred to nitrocellulose membrane at 12 V and 250 mA for 90 minutes. The membrane
was then blocked in a PBS, 1% BSA blocking solution for 1 hour. The membrane was washed
in PBS, 0.05% Tween20. The SP-A(Umstead, Penn State University, Department of Pediatrics,
Hershey PA74), SP-D and SP-B (Whitsett, Children’s Hospital Medical Center, Department of
Microbiology, Cincinnati, OH) rabbit anti-mouse antibodies were each added in a 1:10,000
dilution with PBS, 1% BSA, 0.5% Tween20, and applied to the membrane for 1 hour. The
membrane was rinsed and washed in the same manner as before with a secondary antibody, goat
anti-rabbit IgG HRP conjugated (Bio-Rad, 170-6515), at 1:10,000 applied for 1 hour. The
membrane was rinsed and washed a final time, and then Western Lightning Plus Enhanced
Chemiluminescence (Perkin Elmer, #NEL104001EA) was applied for 1 minute. Radiographic
films (Kodak BioMax XAR, 165-1454, Carestream Health, Paris, France; HyBlot CL, E3018,
Denville Scientific, Metuchen, NJ) were exposed to the membrane for 2 seconds, 5 seconds, 15
seconds, 1 minute, and 2 minutes. Blots were scanned and analyzed using the BioRad GS-800
Calibrated Densitometer and software.
ELISA. ELISA Ready-Set-Go kits for mouse macrophage chemoattractant protein-1 (CCL2,
MCP-1), interleukin 1 beta (IL1b, IL-1β), interleukin-6 (IL6, IL-6), tumor necrosis factor-α
(TNF, TNF-α) (eBioscience Inc, San Diego, CA), and keratinocyte derived chemokine (CXCL1,
KC) Quantikine ELISA kit (MKC00B, R&D Systems, Minneapolis, MN) were performed on
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BAL and lung homogenate supernatant samples. All samples were run according to
manufacturer instructions.
Statistical Analysis. For all statistical analysis GraphPad Prism 6 software (La Jolla, CA)
was used. All values reported as an average with standard error of the mean (SEM). Two-way
ANOVA was used to compare values of the different groups of animals. Tukey’s multiple
comparison test was used for all analysis with the exception of the ammonia concentration
studies, where Sidak’s multiple comparison test was used. P values less than or equal to 0.05
were considered significant.
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RESULTS
Ammonia production is significantly enhanced in static cages. Ammonia levels in both cage
types remained below 2 ppm for the first few days after a cage change. However, ammonia
concentrations began to sharply rise in static cages between days 3 and 5, reaching significantly
higher concentrations than ventilated cages. In cages changed every 7 days, ammonia levels
increased to 16.1 + 1.781 ppm and 7.5 + 1.545 ppm by day 5 in static and ventilated cages,
respectively. Interestingly, unlike ventilated cages, ammonia levels in static cages did not
equilibrate, but tapered off after 5 days (Figure 2). In static cages changed at 14-day intervals,
the concentration of ammonia rose sharply between 6 and 7 days, equilibrating at 14.4 + 0.676
ppm after day 7. Ammonia concentrations in 14 day ventilated cages rose to 4.6 + 0.801 ppm by
day 6, and then equilibrated somewhat lower at 4 ppm. Once maximum levels of ammonia were
reached, ambient ammonia levels between static versus ventilated cages remained significantly
different in 14 day cycled cages (Figure 3). These results indicate that static and ventilated cages
accumulate significantly different levels of ammonia within the first 7 days of the cycle.
Ammonia concentrations stabilized once the maximum concentration was reached for each cage
type.
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Figure 2. Accumulation of ammonia in ventilated and static cages on a 7 day cage-change
interval. After 4 days, the measured ammonia concentrations in static cages are significantly
greater than the concentrations in ventilated caging. Mean ±SEM reported values from cages (n
= 3 different cages measured at the same time) containing 4 female mice/cage. *significant at p
< 0.05, ** significant at p < 0.01, ***significant at p < 0.001. Sidak’s multiple comparison test
was used for statistical analysis.

Figure 3. Accumulation of ammonia in ventilated and static cages on a 14 day interval. After 5
days, the measured ammonia concentrations in static cages are significantly greater than the
18

Figure 3 continued.
concentrations in ventilated caging. Mean ± SEM reported measurements from cages (n = 3
different cages measured at the same time) containing 4 female mice/cage. ****significant at p
< 0.0001. Sidak’s multiple comparison test was used for statistical analysis.

Alveolar cell composition in bronchoalveolar lavage (BAL) was similar between uninfected
mice housed in static and ventilated cages. These groups of mice did not receive any vehicle
or mycoplasma infection. In comparison to mice housed in ventilated cages, mice in static cages
tended to have more cells in BAL, although differences were not statistically significant in either
7 or 14 day cycled cages (Figure 4A). Differential staining and counting of BAL cells showed
that all uninfected groups consisted mainly of alveolar macrophages with few lymphocytes.
Neutrophils were not present (Figure 4B). Microscopic evaluation of BAL cells in mice housed
in ventilated cages showed that alveolar macrophages are heterogeneous in size with light or pale
blue cytoplasm and contain small cytoplasmic inclusions with sharp margin (Figure A1).
Interestingly, BAL macrophages from mice housed in static cages were activated as indicated by
the presence membrane extensions, membrane ruffles, and expanded vacuolated cytoplasm.
Occasional clusters of ciliated respiratory epithelial cells were present in the samples with no
significant prevalence to a specific treatment group (representative BAL images are provided in
Appendix A, Figure A2). Thus although cell numbers and composition were not significantly
different, cage housing conditions appear to alter the baseline morphology of alveolar
macrophages.
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A.

B.

Figure 4. Composition of cells in BAL in ‘no vehicle’ mice housed in ventilated versus static
caging, 7- vs. 14-day cage change intervals. (A) Total cell number in BAL. (B) Differential cell
counts in ‘no vehicle’ mice housed in static or ventilated cages for 7 or 14 days. Mean ± SEM
reported. (n = 6)
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Severity of lung histopathology did not correlate with intracage ammonia levels. The
majority (9/12) of the lungs from the mice had a score of 1 for hemorrhage, most likely related to
agonal respiration during euthanasia. The remaining 3 lungs did not have any hemorrhage. Two
mice that were housed in ventilated cages with 14 day cage change intervals had mild evidence
of epithelial regeneration within the airways (Figure 5C). There was mild histiocytosis (Figure
5B) within the lungs of mice from variable groups (2 mice from static, 7 day cage change
interval; 2 mice from ventilated, 14 day cage change interval, and 1 mouse from static 14 day
cage change interval), but due to small sample size, no statistical significance could be
determined between the groups. However, these results suggest that cage housing condition may
prime the lung with subtle histological abnormalities.
Figure 5.

A
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Figure 5 continued.

B
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Figure 5 continued.

C

Figure 5. (A) Normal lung histology from a mouse housed in a ventilated cage with two 7 day
cage changes. Sections were stained with hematoxylin and eosin, 10x. (B) Representative lung
section from a mouse housed in static caging for two 7 day cage changes. Few histiocytes
(arrowheads) were present within the alveoli. Sections were stained with hematoxylin and eosin,
60x. (C) Representative lung section from a mouse housed in ventilated caging for two 14 day
cage changes. Focal crowding of the bronchiolar epithelium is present with a mitotic figure
(arrow) with low numbers of histiocytes within the alveoli (arrowheads). Sections were stained
with hematoxylin and eosin, 60x.
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4

Low-dose Mycoplasma infection (1 x 10 CFU)
Assessment of low-dose M. pulmonis in static and ventilated cages on a 7 day cage change
cycle. Mice housed in ventilated and static cages cycled every 7 days for 12 cage changes were
infected with 104 CFU of M. pulmonis intranasally. The “vehicle” control group represents mice
that received sterile DMEM. Alveolar macrophages from static and ventilated caged mice that
were infected with low dose M. pulmonis had similar activated morphology with foamy pale blue
cytoplasm and memebrane ruffles (Appendix B, Figure B1-B4) 3 and 7 days after infection.
Clusters of lymphocytic and monocytic cells and macrophages with less abundant cytoplasm
were found 14 days after infection in both cage groups (Figure A7).
Cage type influences the quantity of M. pulmonis CFUs in lung homogenates. Mice in
ventilated cages had significantly less (5.597 + 0.652 x 104, p < 0.05) mycoplasma CFUs within
lung homogenate than mice in static cages (8.953 + 1.252 x 104) at 3 days post inoculation.
Static cage mice then experienced a significant decrease in CFUs at 7 (3.025 + 0.622, p <
0.0001) and 14 (4.020 + 0.285, p < 0.001) days post infection compared to 3 days of infection.
Ventilated cage mice also had a decrease in CFU over time, but changes were not significant
(Figure 6).
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Figure 6. M. pulmonis lung infection over time. CFUs for mice housed at 7 day cage-change
intervals, 104 CFU infection. *significant p < 0.05, ***significant p < 0.001, ****significant p <
0.0001, (n = 6, mean ± SEM).

Alveolar cell composition in BAL was similar between infected mice housed in static and
ventilated cages. The BAL of mice infected intranasally with 104 CFU of M. pulmonis
contained significantly more cells than vehicle control 3 days after infection but the number of
cells returned close to baseline 7 and 14 days after infection. Ventilated and static groups had
significantly more inflammation at 3 days post infection (9.783 + 3.077 x 105, 10.5 + 2.734 x
105, respectively, p < 0.01) compared to vehicle groups (1.567 + 0.524 x 105, 2.767 + 0.835 x
105, respectively). The static group had significantly more inflammation at 3 days after infection
than at 7 days (3.483 + 0.365 x 105, p < 0.05). By 14 days post infection, the inflammation
within the ventilated group (2.917 + 0.584 x 105, p < 0.05) was significantly decreased. There
was no significant difference between mice housed in ventilated versus static cages at any given
time point (Figure 7A). Macrophages were the most prevalent cell type in all BAL samples
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(Figure 7B), followed by increasing numbers of lymphocytes with chronicity of the infection. At
this infection dose, the lymphocytic population is increased at day 14 (Figure 7C). Static vehicle
mice had significantly more neutrophils (0.379 + 0.134 x 105, p < 0.05) than the ventilated
control group (0.010 + 0.010 x 105) (Figure 7D). No neutrophils were detected in the BAL of
the infected groups.
Figure 7

A.
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Figure 7 continued.

B.

C.
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Figure 7 continued.

D.

Figure 7. Effects of M. pulmonis on BAL white cell counts. (A) Mice housed in ventilated and
static cages changed at 7 day intervals, infected with 104 CFU. (B, C, D) Cell differentials for
BAL samples from mice housed at 7 day cage change intervals. *significant p < 0.05,
**significant p < 0.01. (infected n = 6, vehicle n = 3, mean + SEM).

Lung histopathology after infection with 104 CFU was not influenced by cage type.
Statistical significance could not be determined among the groups due to small sample size.
There were no M. pulmonis associated lesions of the lungs of mice at 3 and 7 days after
infection. Lungs from one mouse housed in ventilated caging had a score of 1 for lymphoid
infiltrates at 14 days after infection. There are lymphoid aggregates infiltrating the interstitium
of lung parenchyma, with mild lymphocytic cuffing around the airways and pulmonary vessels
(Figure 8). One mouse housed in static caging had a score of 0.5 for lymphoid infiltrates.
Neutrophils and parenchymal consolidation were not present in any treatment group at any time
point.
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Figure 8. Lung histology after M. pulmonis infection. Representative lung section from a mouse
housed in ventilated caging changed every 7 days for 12 cage canges, infected with 104 CFU M.
pulmonis.
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Figure 8 cont.
Widespread mild lymphocytic infiltrates in the alveolar interstitium with occasional lymphocytic
cuffing of the alveoli (a) were observed 14 days after infection. Sections were stained with
hematoxylin and eosin, 20x (B) Mild lymphocytic infiltrate around a pulmonary artery (PA) and
vein (PV). b = bronchiole. Sections were stained with hematoxylin and eosin, 20x.
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Changes in BAL protein concentration after M. pulmonis infection were transient. BAL
protein concentration in the lavage of ventilated and static cage mouse groups were a similar
between the vehicle and all infection groups (Figure 9).

Figure 9. BAL protein concentration. The protein levels in BAL of vehicle treated at three
days after DMEM administration and infected mice 3, 7, and 14 days after infection with 104
CFU M. pulmonis. Protein levels were measured using the micro BCA protein assay and albumin
as standard. There were no significant differences between the groups. (infected n = 6; vehicle n
= 4, mean + SEM)
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Effect of low dose M. pulmonis infection on levels of surfactant proteins. The levels of
surfactant proteins in BAL were determined by western blot and densitometry analysis.
Transient elevation of SP-A after M. pulmonis infection. The molecular mass of the SP-A
monomer is 28-36 kD. A non-reducible SP-A dimer can be seen in some lanes, which can weigh
59-67 kD20 (Appendix D). SP-A levels were similar in mice infected with 104 CFU in all
experimental groups at all time points (Figure 10).
Mild elevation of SP-D 14 days after M. pulmonis infection. Western blots of BAL samples
show a 40-50 kD SP-D band (Appendix E). SP-D levels remained relatively unchanged after
infection until day 14, where SP-D levels begin to increase (Figure 11). The levels of SP-D were
not significantly different between the treatment groups.
SP-B levels of M. pulmonis-infected mice were similar. The non-reduced form (~18 kD) of
SP-B was detected in the BAL samples75 by western blot analysis (Appendix F). There were no
significant differences among the groups after infection.
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Figure 10. Densitometry of pulmonary SP-A in BAL of mice infected with 104 CFU M.
pulmonis. There were no significant differences between the groups. (infected n = 6; vehicle n =
3, mean + SEM).

Figure 11. Densitometry of pulmonary SP-D in BAL of mice infected with 104 CFU M.
pulmonis. There were no significant differences between the groups. (infected n = 6; vehicle n =
3, mean + SEM).
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Figure 12. Densitometry of pulmonary SP-B in mice infected with 104 CFU M. pulmonis.
There were no significant differences between the groups. (infected n = 6; vehicle n = 3, mean +
SEM )
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Effect of low-dose M. pulmonis on the levels of inflammatory mediators. The levels of
inflammatory mediators were measured using ELISA assays.
IL-1β. Low levels of IL-1β were detected in BAL of the ventilated vehicle group and all
infected groups (Figure 13A). It was not detected in any of the static vehicle samples. IL-1β was
detected in lung homogenates of all experimental groups. There was no statistically significant
difference between the groups (Figure 13B) and IL-1β levels were not different from constitutive
levels in vehicle control groups.
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A.

B.

Figure 13. IL-1β detected in BAL and lung homogenate of mice infected with 104 CFU M.
pulmonis with a 7 day cage change interval. (A) BAL; there are no statistically significant
differences among any groups. (B) Lung homogenate, there are no statistically significant
differences among any groups. (infected n = 6; vehicle n = 3, mean + SEM)
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MCP-1. No MCP-1 was detected in the lavage of any groups. Within the lung homogenate, the
static vehicle group had a statistically significant elevation of constitutive MCP-1 (1584.551 +
225.753 pg/ml, p < 0.0001) than all other groups (Figure 14).

Figure 14. MCP-1 in lung homogenate of mice infected with 104 CFU M. pulmonis with a 7 day
cage change interval. ****significant p < 0.0001. ( infected n = 6; vehicle n = 3, mean + SEM).
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TNFα. No TNFα was detected in the lavage of any groups. The static vehicle group had
significantly higher levels of TNFα (167.469 + 39.084 pg/ml) in the lung homogenate compared
to the ventilated vehicle group (71.106 + 26.878 pg/ml, p < 0.01) and all infected groups (Figure
15).

Figure 15. TNFα in lung homogenate of mice infected with 104 CFU M. pulmonis with a 7 day
cage change interval. **significant p < 0.01, **** p < 0.0001. ( infected n = 6; vehicle n = 3,
mean + SEM).
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KC. There was no KC detected in the lavage of any groups. Within the lung homogenate, 3
days after infection, KC was detected at the lowest level within the static group (40.744 + 7.064
pg/ml). KC levels then increased significantly at 7 days (230.659 + 64.208 pg/ml, p < 0.05) and
14 days (219.341 + 30.040 pg/ml, p < 0.05) after infection in the static. At 7 days post infection,
the KC within the static group was statistically greater than the levels detected in the 7 day
ventilated group (65.340 + 14.068 pg/ml, p < 0.05) (Figure 16).

#

Figure 16. KC in lung homogenate of mice infected with 104 CFU M. pulmonis with 7 day cage
changes. *significant p < 0.05, compared to the 3 day static group. #significant p < 0.05,
compared between 7 day ventilated and 7 day static groups. (infected n = 6; vehicle n = 3, mean
+ SEM)
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IL-6. IL-6 was not detected in the lavage and lung homogenate of any groups.

Moderate-dose mycoplasma infection (3 x 106 CFU)
M. pulmonis CFU in lung homogenates was similar between groups at 5 days after
infection. Mice maintained in static or ventilated cages on a 14 day change schedule received a
moderate dose of 3 x 106 CFU intranasally and were euthanized 5 days after infection. The lung
homogenates of mice from static cages contained higher amounts of mycoplasma compared to
mice housed in ventilated cages (Figure 17). However, the difference was not statistically
significant.

Figure 17. M. pulmonis infection in mice inoculated with 3 x 106 CFU at 5 days post infection
with two 14 day cage change intervals. There was not a significant difference between the
groups. (n = 6, mean + SEM)
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Alveolar cell composition in BAL was similar between infected mice housed in static and
ventilated cages. The number of cells in BAL after infection with 3 x 106 CFU of M. pulmonis
was higher than vehicle control for both static and ventilated groups. However, these differences
were not statistically different (Figures 18A). Differential cell counts indicated a moderate
increase in macrophages compared to vehicle groups (Figure 18B), and significant recruitment of
lymphocytes in the static group (0.461 + 0.051 x 105, p < 0.05) (Figure 18C). However,
macrophages contained large vacuoles indicative of mycoplasma induced infection and
cytotoxicity (Appendix C, Figure C1). Neutrophils were significantly recruited in the ventilated
(0.530 + 0.132 x 105, p < 0.05) and static (0.376 + 0.050 x 105, p < 0.05) groups at 5 days after
infection (Figure 18D) compared to vehicle control (representative BAL images are provided in
Appendix C, Figures C1-C2).
Figure 18

A.
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Figure 18 continued.

B.

C.
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Figure 18 continued.

D.

Figure 18. Effects of M. pulmonis on BAL cell counts. Mice infected with 3 x 106 CFU with
two 14 day cage change intervals. (A) There were no significant differences between the groups.
(B,C,D) Cell differentiation for BAL cytospin samples. *significant p < 0.05. (infected n = 6;
vehicle n = 4, mean + SEM)

Severity of lung histopathology did not correlate with intracage ammonia levels. At 5 days
post infection, one mouse housed in ventilated caging had a lymphoid infiltrate score of 2 and a
parenchymal consolidation score of 1. The lungs from the other mouse housed in ventilated
caging scored a zero in all categories. Lungs from two mice housed in static caging had
lymphoid infiltrate scores of 1 and 2. No parenchymal consolidation was present in these lung
sections. Neutrophilic exudation was not present in any of the lungs sections of mice from either
group. (Figure 19A). Statistical significance could not be determined among the groups due to
small sample size.
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Figure 19. Lung section from a mouse infected with 3 x 106 CFU M. pulmonis, housed in a
ventilated cage changed every 14 days. Lungs were examined at 5 days post-infection. (A)
Lesions containing lymphocytic and histiocytic cell infiltrates were observed around small
pulmonary arteries (PA), veins (PV), and bronchioles (b). Sections were stained with
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Figure 19 cont.
hematoxylin and eosin, 40x (B) Areas of consolidation and thickening of the peribronchiolar
lung parenchyma (PC), caused by increased numbers of macrophages and lymphocytes were
observed. PV = pulmonary vein, b = bronchiole. Sections were stained with hematoxylin and
eosin, 20x.
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BAL protein concentrations at 5 days after M. pulmonis infection were unchanged. At the 3
x 106 CFU infection dose, BAL protein concentration in the lavage of ventilated and static cage
groups were similar between the vehicle groups, with no significant differences (Figure 20).

Figure 20. BAL protein concentration. The protein levels in BAL of vehicle treated at three
days after DMEM administration and infected mice 5 days after infection with 3 x 106 CFU M.
pulmonis. Protein levels were measured using the micro BCA protein assay and albumin as
standard. There were no significant differences between the groups. (infected n = 6; vehicle n =
4, mean + SEM)
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Effect of moderate-dose M. pulmonis infection on levels of surfactant proteins. Mice
infected with 3 x 106 CFU did not have any significant differences of lavage SP-A and SP-D
(Figures 21, 22). However, SP-B was significantly elevated in the static group 5 days after
infection (5.34 + 0.921 OD x 2mm2, p < 0.05) compared to both vehicle groups (ventilated 2.502
+ 0.378; static 2.435 + 0.812 OD x 2mm2) and the 5 day ventilated group (2.812 + 0.217 OD x
2mm2) (Figure 23).

Figure 21. Densitometry of pulmonary SP-A in mice infected with 3 x 106 CFU M. pulmonis.
There were no significant differences. (infected n = 6; control n = 4, mean + SEM)
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Figure 22. Densitometry of pulmonary SP-D in mice infected with 3 x 106 CFU M. pulmonis.
There were no significant differences. (infected n = 6; control n = 4, mean + SEM)

Figure 23. Densitometry of pulmonary SP-B in mice infected with 3 x 106 CFU M. pulmonis.
*significant p < 0.05. (infected n = 6; control n = 4, mean + SEM)
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Effect of moderate-dose M. pulmonis on the levels of inflammatory mediators. The levels of
inflammatory mediators were measured using ELISA assays.
IL-1β. There was a mild increase of IL-1β in the lavage of the infected group compared to the
vehicle group (Figure 24A). The difference was not statistically significant. Within the lung
homogenate, IL-1β levels were similar between the vehicle and infected groups (Figure 24B).

A.

B.

Figure 24. IL-1β detected in BAL and lung homogenate of mice infected with 3 x 106 CFU M.
pulmonis with two 14 day cage change intervals. (A) BAL, there are no statistically significant
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Figure 24 cont.
differences among any groups. (B) Lung homogenate, there are no statistically significant
differences among any groups. (infected n = 6; vehicle n = 4, mean + SEM)

MCP-1. MCP-1 was not detected in the lavage of the mice in the vehicle and infected groups.
Within the lung homogenate, MCP-1 levels were similar between the groups, with no
statistically significant differences (Figure 25).

Figure 25. MCP-1 detected in the lung homogenate of mice infected with 3 x 106 CFU M.
pulmonis with two 14 day cage change intervals. There are no statistically significant
differences among the groups. (infected n = 6; vehicle n = 4, mean + SEM)
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TNFα. There was no TNFα detected in the lavage of any groups. TNFα was not detected in the
lung homogenate of the vehicle groups. There was a mild elevation in TNFα in the lung
homogenate 5 days after infection. The difference was not statistically significant.

Figure 26. TNFα detected in the lung homogenate of mice infected with 3 x 106 CFU M.
pulmonis with two 14 day cage change intervals. There are no statistically significant
differences among the groups. (infected n = 6; vehicle n = 4, mean + SEM)
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KC. KC was not detected in the lavage of any groups. The static groups had transiently less KC
in the lung homogenates of the vehicle and infected groups when compared to the ventilated
groups. However, the differences were not statistically significant (Figure 27).

Figure 27. KC detected in the lung homogenate of mice infected with 3 x 106 CFU M. pulmonis
with two 14 day cage change intervals. There are no statistically significant differences among
the groups (infected n = 6; vehicle n = 4, mean + SEM).

IL-6. IL-6 was not detected in the lavage or lung homogenate of any groups.
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High-dose mycoplasma infection (1 x 107 CFU)
Cage type influences the quantity of M. pulmonis CFUs in lung homogenates. Mice
maintained in static or ventilated cages on a 14 day change schedule were inoculated intranasally
with 107 CFU M. pulmonis and were euthanized at 3, 7, and 14 days after infection. Both static
and ventilated mouse groups had cleared 99.9% of the M. pulmonis inoculum by day 3.
Interestingly, M. pulmonis proliferated transiently in the lungs of mice housed in static cages
above the bacterial burden in the ventilated group 7 days after infection. The static group
contained 12.467 + 3.462 x 104 CFU compared to the 14 day static group, in which the number
of M. pulmonis CFU declined significantly (1.5 + 0.342 x 104, p < 0.01) (Figure 28).

Figure 28. M. pulmonis in mice infected with 107 CFU. **significant p < 0.01. (n = 6, mean +
SEM)
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BAL cell numbers after M. pulmonis infection were parallel between groups. Mice infected
with 107 CFU of M. pulmonis had a peak in pulmonary inflammatory cells at 3 days post
inoculation in comparison to the control and subsequent time points (Figure 29). However, the
differences were not significant. Cell differential could not be determined for this experiment
due to poor cellular preservation of cytospin samples.

Figure 29. Effects of M. pulmonis on BAL white cell counts. Mice infected with 107 CFU.
There were no significant differences between the groups. (infected n = 6; vehicle n = 4, mean +
SEM)
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The severity of M. pulmonis lung histopathology was not modified by cage type. Statistical
significance could not be determined among the groups due to small sample size. Lymphoid
infiltrates were observed in one static and one ventilated mouse as early as 3 days post-infection,
with a score of 2. At 7 days post-infection, the mice in ventilated caging had scores of 1 and 0.5.
Lymphoid infiltrates were not present in the lung sections of the static mice at 7 days after
infection. At 14 days after infection, one ventilated mouse had a lymphoid infiltrate score of 0.5,
while the other ventilated mouse at this time point did not have any. The two static mice at 14
days post-infection had scores of 1 for lymphoid infiltrate. Parenchymal consolidation, with a
score of 1, was present in one mouse housed in static and ventilated groups at 3 days after
infection. One mouse housed in static caging at 7 days after infection also had a parenchymal
score of 1. All other mice did not have any parenchymal consolidation. There were no
neutrophils present within the airways of any groups at any time point. (Figure 30)

55

A

B

LI

b

PC

B

b
LI

PC

Figure 30. (A) Lung section from a mouse housed in a ventilated cage changed every 14 days,
107 CFU infection with M. pulmonis. Consolidation and thickening of the of the lung
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Figure 30 cont.
parenchyma (PC) caused by increased numbers of macrophages and lymphocytes.
Peribronchiolar lymphoid infiltrate (LI). b = bronchiole. Sections were stained with
hematoxylin and eosin, 10x. (B) Higher magnification of the boxed area labeled B in panel A.
Sections were stained with hematoxylin and eosin, 20x.
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BAL protein concentrations are significantly elevated after M. pulmonis infection. Mice
infected with 107 CFU had a significant increase in the BAL protein concentration at 3 days postinfection (ventilated 500.181 + 28.365µg/ml; static 437.675 + 29.401 µg/ml, p < 0.0001), and
continued to remain significantly higher at days 7 and 14 post-infection compared to the vehicle
groups (ventilated 189.524 + 79.71 µg/ml; static 100.784 + 16.043 µg/ml) (Figure 31). These
results indicate similar induction of lung injury by the acute infection in static and ventilated
mouse groups.

Figure 31. Micro BCA protein concentration in BAL of mice infected with 107 CFU M.
pulmonis. The BAL protein concentrations in the infection groups were significantly greater
compared to their respective vehicle group. ***significant p < 0.001, ****significant p <
0.0001. (infected n = 6; control n = 4 mean + SEM)
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Effect of high-dose M. pulmonis infection on levels of surfactant proteins.
SP-A levels are significantly increased in the acute stages of infection. Mice in ventilated
cages with the 107 CFU infection had a significantly higher BAL SP-A at 3 days PI (23.326 +
2.183 OD x 2 mm2, p < 0.001) as compared to the 14 day groups (ventilated 9.670 + 1.046; static
9.598 + 1.148 OD x 2 mm2). The SP-A remained significantly elevated at 7 days PI (20.195 +
3.899 OD x 2 mm2, p < 0.01), but was decreasing, returning to baseline levels by day 14. Mice
in static cages had similar kinetics in SP-A levels, with the vehicle group (16.177 + 2.942 OD x
2 mm2, p < 0.05) having significantly more SP-A than the static mice at 14 days after infection.
At each time point of infection, SP-A did not significantly differ between the ventilated and
static cage groups (Figure 32).

Figure 32. SP-A in lung homogenate of mice infected with 107 M. pulmonis. *significant p <
0.05, **significant p < 0.01, ***significant p < 0.001. (infected n = 6; vehicle n = 4, mean +
SEM)
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SP-D transiently increases with chronicity of M. pulmonis infection. Pulmonary SP-D did
not have any significant differences between the treatment groups. SP-D levels decreased at 3
days PI. SP-D returned to baseline by 14 days PI (Figure 33).

Figure 33. SP-D in lung homogenate of mice infected with 107 CFU M. pulmonis. There were
no significant differences. (infected n = 6, vehicle n = 4, mean + SEM)
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Mycoplasma pulmonis causes a mild increase in SP-B levels over time. In the ventilated and
static groups, there was a transient increase in SP-B levels over the course of the infection,
however the difference was not statistically significant (Figure 34).

Figure 34. SP-B in lung homogenate of mice infected with 107 CFU M. pulmonis. (infected n =
6; vehicle n = 4, mean + SEM)
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Effect of high-dose M. pulmonis on the levels of inflammatory mediators.
IL-1β. In the BAL, at 7 days post-infection, the static group (31.312 + 6.441 pg/ml) had
significantly more IL-1β than the static vehicle group (1.068 + 0.755 pg/ml, p < 0.05). By 14
days after infection, the ventilated group (33.836 + 1.721 pg/ml) had significantly more than the
vehicle (2.081 + 2.081 pg/ml, p < 0.01 ) and 3 day ventilated (2.663 + 2.055 pg/ml, p < 0.001)
groups. The static group at 14 days (52.197 + 11.446 pg/ml) was significantly elevated
compared to the vehicle (1.068 + 0.755 pg/ml, p < 0.0001) and 3 day static (16.909 + 6.500
pg/ml, p < 0.001) groups (Figure 35A). Increased levels of IL-1b in lavage were also observed in
static cage mice 5 days after moderate infection on Figure 23 above. IL-1β in the lung
homogenate was not significantly different between the groups (Figure 35B). Secretion of IL-1β
in lavage indicates that results indicate that mycoplasma induces chronic inflammation through
processing and secretion of active IL-1β.
Figure 35

A.
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Figure 35 cont.

B.

Figure 35. Figure 24. IL-1β detected in BAL and lung homogenate of mice infected with 107
CFU M. pulmonis with two 14 day cage change intervals. (A) BAL, IL-1β concentration is
elevated significantly elevated at 7 and 14 days after infection. *significant p < 0.05,
**significant p < 0.01, ***significant p < 0.001. (B) Lung homogenate, there are no statistically
significant differences among any groups. (infected n = 6; vehicle n = 4, mean + SEM)
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MCP-1. MCP-1 was not detected in the lavage of any groups. MCP-1 concentrations decreased
significantly throughout the infection period within the static groups at 3 days (346.631 + 33.365
pg/ml, p < 0.001), 7 days (211.438 + 20.213 pg/ml, p < 0.0001), and 14 days (197.273 + 22.703
pg/ml, p < 0.0001) after infection when compared to the static vehicle group (640.548 + 89.227
pg/ml). The MCP-1 concentration in the ventilated groups was significantly decreased at 7 days
(261.775 + 24.059 pg/ml) and 14 days (265.581 + 25.261 pg/ml) post-infection compared to the
vehicle ventilated (461.239 + 32.774 pg/ml, p < 0.05) and 3 day ventilated (469.281 + 63.795
pg/ml, p < 0.01) groups (Figure 36). These results indicate that chronic mycoplasma suppresses
constitutive secretion of MCP-1 in the lung.

Figure 36. MCP-1 detected in the lung homogenate of mice infected with 107 CFU M. pulmonis
with two 14 day cage change intervals. MCP-1 concentrations decreased throughout the
infection period. *significant p < 0.05, **significant p < 0.01, ***significant p < 0.001,
****significant p < 0.0001. (infected n = 6; vehicle n = 4, mean + SEM)
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TNFα. No TNFα was detected in the lavage of all groups. Within the lung homogenate of the
ventilated group, TNFα concentrations were elevated significantly by day 7 (76.738 + 13.505
pg/ml, p < 0.05) after infection. Concentrations then decreased significantly by day 14 (4.707 +
4.707 pg/ml, p < 0.05). The kinetics of TNFα concentrations was similar for the static groups,
however the differences were not statistically significant. (Figure 37) These results indicate
recruitment of TNFa secreting inflammatory cells between 3 and 14 days after infection.

Figure 37. TNFα detected in the lung homogenate of mice infected with 107 CFU M. pulmonis
with two 14 day cage change intervals. A TNFα concentration peaked at day 7 after infection,
and then was decreased by day 14 post-infection. *significant p < 0.05. (infected n = 6; vehicle
n = 4, mean + SEM)
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KC. No KC was detected in the lavage of all groups. Differences in KC within the lung
homogenate were not statistically significant among the groups. (Figure 38)

Figure 38. KC detected in the lung homogenate of mice infected with 107 CFU M. pulmonis
with two 14 day cage change intervals. There are no statistically significant differences among
the groups. (infected n = 6; vehicle n = 4, mean + SEM)

IL-6. IL-6 was not detected in the lavage or lung homogenate of any groups.
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DISCUSSION
My first aim was to analyze the effect of different microenvironments on baseline lung
inflammatory cell populations and lung histopathology. Ventilated cages and those changed
every 7 days were hypothesized to have lower levels of inflammatory cells present in the lung
when compared to static cages and those on the 14 day cage change interval. There was a trend
for the mean values of the ventilated groups to have less inflammatory cells than the static
groups. This trend was also apparent when comparing the 7 day cage change to the 14 day cage
change interval. Although the amount of inflammatory cells present between the groups were
not statistically different, these findings suggest that there is a potential for the microenvironment
to significantly impact the baseline pulmonary inflammatory homeostasis under different
conditions than those evaluated here. Such conditions may include modifications in the age, sex,
strain, or cage density, and extension of cage changes to every 21 or 28 days. Consideration of
the microenvironment of mice is important when considering the best housing and husbandry
practices for laboratory rodents. When comparing the macro- and microenvironment of rodent
housing, there can often be disparities between the two58, with the microenvironment having the
greatest and most direct effect on the animal. Investigators or animal care staff will often rely on
visual cues to determine if there are changes in behavior or health attributed to modification of
bedding type or sanitation frequencies. Physiologic and pathologic changes are often over
looked, and could be a source of confounding variation in research.
The primary target of mycoplasmas involved in respiratory infections is the mucosal surface
of the respiratory airways. The mechanism of pathogenicity of mycoplasmas continues to be an
area of interest in the research and veterinary community, as well as in laboratory animal care
facilities. Most mycoplasma species, including M. pulmonis, are believed to strictly adhere to
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and colonize the surface epithelium42, 53. However, some species of mycoplasma, such as M.
penetrans, M. pneumoniae, M. fermentans, and M. gallisepticum have the ability to be
internalized into non-professional phagocytic cells, which likely contributes to its ability to
evade the host immune response and antibiotic therapy 62, 79. Several virulence factors of
mycoplasmas have been identified, some of which include: variable surface antigens and
phenotypic switching which undoubtedly contributes to the chronicity of infection 62, 66;
production of hydrogen peroxide and oxidative radicals2, 6 which are harmful by-products of
mycoplasma metabolism, and disruption of K+ channels of the ciliated respiratory epithelium and
alveolar type II cells, resulting in ciliostasis and decreased alveolar fluid clearance15, 32.
The findings of this study support previous literature7, 27, 60 that shows enhancement of murine
mycoplasmosis by ammonia exposure. Mice housed in static cages that received a low dose
infection in this experiment had 1.5 times more mycoplasma colonization within the lungs than
their counterparts in ventilated caging. This same difference was not observed in the mice that
were infected with the high dose due to a wide variation. One explanation for this is that the
higher dose was more visible to the immune system that therefore was able to clear most of the
infection. Nevertheless, M. pulmonis was still able to establish low grade chronic infection
throughout the experimental period. Since the severity of mycoplasma infection varies greatly
among different strains of mice due to variability in genetic resistance 8, 13, it may be possible to
achieve more consistent and prominent differences among test groups by using a strain of mouse
that is more susceptible to mycoplasma than the C57BL/6 mouse. It is interesting to note that the
low levels of ammonia detected in the static cages in this experiment were enough to exacerbate
the infection. However, the use of individually ventilated cages versus static cages did not seem
to have a significant effect on the mycoplasma infectious load past 7 days post-infection.
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Ammonia levels only reached a mean high of 16 ppm in static cages on day 5 after mice were
placed in clean cages. This concentration is much lower than what has recently been reported in
the literature for static mouse cages. One study reported ammonia gas reaching ranges of 100 to
300 ppm by 5 days, with a continual increase, approaching 700 ppm by 7 days 65. Differences in
animal density, bedding, gas exchange through the filtered lid are all factors that could have
contributed to the differences in detected ammonia levels as compared to that study. The
macroenvironment also has a significant interaction with cage microenvironments58. Variation
in seasonal temperature and humidity can often have effects on the animal housing rooms, thus
influencing intracage temperatures, humidity, and ammonia production45, 56. The methodology
of measuring intracage parameters can also account for variability in reported values. Static
cages were noted to develop condensation on the cage lid by the end of the 14 day cage change
interval. The bedding was also considerably moister than the bedding in the ventilated cages.
When gaseous ammonia comes into contact with water, it is then converted into ammonium
hydroxide, which cannot be detected by the ammonia measurement device used in this study.
Mycoplasmosis in rodents and people tends to be an indolent and chronic pneumonia. Enzootic
mycoplasma infection has been documented to persist for up to 72 weeks of age in a rat colony44.
Although we did not see any significant differences between the ventilated and static cage groups
beyond 7 days post infection, there could potentially be an effect in the rate of total clearance of
the pathogen in chronic infections. This becomes an important factor when considering
mycoplasmosis in people that work in environments that involve chronic ammonia exposure.
The effect of chronic ammonia exposure on the efficacy of antibiotic therapy is also another area
for future studies.
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Another notable difference between the ventilated and static mice includes the observation
that once the static mice reached the maximum concentration of mycoplasma lung colonization,
they experienced drastic decreases in mycoplasma load by the next time point. In the low dose
experiment, there was a 3 fold decrease in mycoplasma between 3 and 7 days post-infection.
The mice in the high dose static group had an 8 fold decrease in mycoplasma between 7 and 14
days post-infection. This rapid elimination of mycoplasma was not duplicated by the ventilated
groups of mice. The amount of inflammatory cells recovered in the BAL of the ventilated and
static cage mice at each of these time points were not significantly different. This suggests that
there are other immunity defense factors playing a role in mycoplasma clearance that may be
differentially impacted by the housing of mice in static or ventilated cage conditions. Some
studies have suggested that individually ventilated cages are stressful to mice. Plasma
corticosterone levels of mice housed in ventilated caging tend to be greater than that of mice
housed in static cages54. When given the option, mice prefer static conditions over ventilated
cages3. Chronically elevated corticosterone levels have been documented to have
immunosuppressive effects on the immune system18, 29, 64, 71, 80. Initiation of the adaptive immune
response occurs 4-7 days after infection34. If mice in ventilated cages have depressed antibody
production due to elevated corticosterone levels, this could explain why they are not able to clear
the infection as rapidly as the mice in static cages.
Dust exposure is another variable that should be considered between ventilated and static
groups. During cage changes, I observed large amounts of dust accumulation on the water bottle
and feeder of ventilated cages. This difference is noteworthy and could potentially have
contributed to the pulmonary colonization differences seen between the groups. Air-changes in
ventilated cages keep the microenvironment dry, resulting in drying of the bedding and dust
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formation. It is possible that exposure to these dust particles are altering or priming the lungs to
have a stronger inflammatory response upon challenge with an infectious pathogen. There have
been numerous studies analyzing the alteration in innate immunity with chronic exposure to dust
and challenging respiratory environments 39, 52, 59. In a study where mice were exposed to
various dust particle sizes and challenged with intratracheal inoculation of Listeria
monocytogenes, activation of the innate immune system was dependent upon dust particulate
size61. Significantly reduced bacterial loads were observed in mice that were exposed to dust
particles and Listeria simultaneously, and in mice that where infected 1 day after dust exposure.
This effect may be observed in the mice housed in the ventilated cages at 3 days post-infection
with mycoplasma. However, some studies show that animals and people chronically exposed to
these environments develop tolerance and do not experience the same robust inflammatory
response as naïve individuals when challenged with dusts. In the long-term, cytokine
responsiveness and phagocytic activity is reduced, contributing to easier development of chronic
airway diseases and increased bacterial colonization in the airways52.
Infection with M. pulmonis had the most prominent effects on the protein concentrations in
the bronchoalveolar lavage of mice in the high infection group. Mice in static cages tended to
have less SP-A and SP-D when compared to ventilated cage mice at all infection time points,
however the differences were not statistically significant. Three days post-infection, SP-A was
increased 2 fold when compared to the vehicle groups. This elevation returned to baseline by 14
days post-infection for both ventilated and static groups. This indicates that SP-A is essential in
the initial clearance of M. pulmonis. In the high infection group, as M. pulmonis is cleared from
the lungs, the total inflammatory cell count decreases in correlation with SP-A levels. SP-D was
mildly depressed at 3 days post-infection compared to the vehicle groups. However, the
71

concentrations returned to baseline by 14 days post-infection. Since SP-D production is not
upregulated at the earlier stages of infection, this indicates that SP-D most likely does not have
an important role in the defensive mechanisms involved in acute mycoplasmosis. However, the
observed transient increase of SP-D may indicate that SP-D has a role in homeostasis of the lung
in chronic mycoplasma infections. SP-D is able to inhibit T-cell proliferation, thus controlling
local inflammation4, 24. Another potential explanation for the observed depression of SP-A and
SP-D would involve the binding or alteration of these proteins by other substances. Recently, a
Community Acquired Respiratory Distress Syndrome (CARDS) toxin has been identified in M.
pneumoniae which has the ability to bind SP-A and enhance colonization35. SP-B levels in the
moderately-infected mice in the static group were significantly elevated at 5 days compared to
the vehicle group. There was a transient decrease in SP-B levels within the high-infection dose
static group 3 days after infection, while the SP-B in the ventilated group increased slightly. SPB then was restored to baseline values for both groups at days 7 and 14 post-infection. The
major function of SP-B is to enhance the spread and adsorption of lipids at the air-liquid
interface of the small airways and alveoli. Aside from the elevated SP-B levels at day 5 in the
moderate infection group, Mycoplasma pulmonis does not seem to cause major differences in
SP-B levels. Absence of alteration of SP-B levels in other pulmonary diseases such as cystic
fibrosis, chronic bronchitis, and pneumonia has been reported68.
Previous studies have shown that the cytokine and chemokine profile of mycoplasma
infections will vary among different strains of mice. Cytokine and chemokine response to M.
pulmonis in the resistant C57BL/6 mouse has been reported to be limited67, which was also noted
to occur in this present study. The cytokine expression varied depending on the infection dose.
In the low-dose infection group, MCP-1 and TNFα in the lung homogenate of the static vehicle
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group was significantly elevated. This increase did not correspond with significantly increased
numbers of macrophages or monocytes, which are major sources of these cytokines. Among the
infected mice of the low-dose group, MCP-1 and TNFα remained relatively stable throughout the
infection. KC concentrations in the lung homogenate of static mice in the low-dose group were
elevated at days 7 and 14 after infection, however this increase was not reflected by an increase
in neutrophils within the lavage. In the moderate-dose infection group, there were no significant
differences among any of the measured cytokines.
Similar to the low-dose infection group, KC levels in the high-dose infection static group
were significantly elevated at days 7 and 14. At day 7 of infection, the static group had
significantly more KC than the ventilated group. KC levels in the ventilated group then reached
similar levels to the static group at day 14. KC is a major neutrophil chemoattactant, causing
neutrophilic infiltration of the airways, which is a common feature of mycoplasmosis1, 81. The
TNFα concentration in the lung homogenate was greatest at 7 days post-infection, which
coincides with the greatest mycoplasma burden. TNFα is a proinflammatory cytokine that is
produced by many cell types, predominantly stimulated monocytes, fibroblasts, and endothelial
cells46. An in vitro study has demonstrated that spleen cells will release TNFα when incubated
with mycoplasma41. In a study analyzing cytokine production in SP-A deficient mice infected
with M. pulmonis, TNFα was increased significantly at 72 hours post-infection as compared to
the C57BL/6 wild type, which suggests that SP-A has modulatory effects on TNFα production
and secretion in acute infections. All other cytokines measured in this particular study were not
significantly different31. The SP-A of the infected mice in my study was similar between the
groups, and therefore, TNFα levels were parallel. In another study where BALB/c and C57BL/6
mice were infected with M. pneumoniae, mice experience significantly higher concentrations of
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IL-1, IL-6, IL-12, KC, and macrophage inflammatory protein 1 (MIP-1) within the first 24 hours
of infection. By 72 hours, these cytokines and chemokines rapidly reduce and approach baseline
values by 7 days post-infection25. Since the majority of cytokines are incited within the first 24
hours post infection, it may be of interest to analyze if housing and sanitation variation has any
effect on cytokine levels during this time frame. Monocyte chemotactic protein-1 (MCP-1)
levels in the lung homogenate decreased with chronicity of the infection, suggesting changes in
the profile of immune cells residing in lung tissue compartments that are not accessible by
lavage. MCP-1 is constitutively expressed and can be further induced during acute infection by
macrophages, epithelial cells, and other cell types in the lung. MCP-1 (also known as CCL-2),
acts through the chemokine receptor CCR2 to maintain the balance of myeloid cells in the lung,
and further supports the recruitment of inflammatory monocytes and lymphocytes during
infection16. These functions are critical for potentiation of pathogen clearance and development
of long term adaptive immunity to lung pathogens. That MCP-1 levels decreased during chronic
mycoplasma infection suggests that M. pulmonis may establish chronic infection by evading the
host’s adaptive immunity.
Interestingly, within the high-dose group, IL-1β increased exponentially within the lavage
fluid throughout the course of the infection in both static and ventilated animals, although static
cage animals elaborated IL-1 in the lavage earlier than ventilated cage animals. IL-1 is
atypical in that it is subject to posttranscriptional regulation. IL-1 is synthesized as a
biologically inactive form that remains intracellularly78. The high levels of IL-1 in the lung
homogenates indicate priming of the inflammatory response perhaps due to high levels of
ammonia. The pro-form is cleaved by caspases upon pathogen-induced cytosolic inflammasome
activation into a biologically active mature form that is secreted to the extracellular medium via
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an unconventional secretory pathway26, 49. Mature IL-1 triggers inflammatory responses by
macrophages and other cells in the lung. That IL-1 increases in the lavage over time indicates
the presence of chronic invasion of airway cells by M. pulmonis. Secretion of IL-1 in the
lavage occurred earlier in static cage animals correlates with the higher level of ammonia in this
group supporting the idea that ammonia contributes to the priming of chronic inflammation in
the lung. The ELISA kit used for IL-1β detection in this study does not differentiate between the
inactive and active forms. Additional studies are needed to distinguish the different forms of IL1β in lavage and lung cells in M. pulmonis infected animals.
I plan to study the effect of mycoplasmosis in mice deficient for the macrophage scavenger
receptor class A (SR-A, MSR1). SR-A is a class A scavenger receptor that is expressed on the
surface of alveolar macrophages. SR-A is able to recognize a wide variety of ligands and is
involved in the surveillance and clearance of airborne particulates that deposit on the respiratory
tract, thereby preventing pathogenic responses and damage of respiratory epithelial cells.
Polymorphisms in the MSR1 gene in the human population associate strongly with development
of chronic obstructive pulmonary disease (COPD) 50. This could present an opportunity to
analyze dust particulate as a potential confounding variable in respiratory research. Dust
exposure could play a significant role in other rodent models of respiratory diseases such as
COPD and asthma, and thus may warrant further investigation. Furthermore, I was able to
characterize some of the effects that mycoplasmosis has on pulmonary surfactant protein
production in chronic infections up to 14 days. Future studies to further analyze the relationship
between mycoplasma and surfactant protein dysregulation may yield insight into the mechanism
of persistent infections with mycoplasma. Due to the difficulties with administering consistent
mycoplasma dosages between experiments, we were not able to analyze the effects of cage
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change interval on mycoplasmosis at the same dose. However, it is hypothesized that with more
frequent cage changes, mice will be exposed to lower concentrations of ammonia, similar to the
ventilated groups, and therefore may exhibit similar responses.
In summary, differences of ammonia exposure between ventilated and static cage systems do
have an effect on baseline lung inflammatory cell numbers, with static cage mice tending to have
higher levels of inflammatory cells. Similarly, cage change frequency had an effect, with the 14
day cage change mice tending to have more inflammatory cells present. However, these
differences were not statistically significant. Analyzing the effects of longer cage change
intervals may yield significant results, however due to the poor condition of the bedding in static
cages by the end of the 14 day interval, longer intervals between changes would not be practical
for this model. Mice housed in static cages tend to have higher loads of M. pulmonis early in the
infection. This effect is believed to be associated with exacerbation of the infection by intracage
ammonia levels. Although there were no pathologic differences observed histologically, it is
possible that ammonia is exerting an effect on the physiology of the respiratory mucosa. Mice in
static cages also exhibited an ability to tremendously decrease mycoplasma levels at a quicker
rate than mice in ventilated cages. There are likely other micro-environmental variables that are
playing a role in the progression of this disease, such as dust exposure. Surfactant proteins were
altered by mycoplasma infection, characterized by a significant increase in SP-A at 3 days postinfection, followed by recovery to baseline levels by 14 days post-infection. Further
characterization of pulmonary surfactant dys-regulation in mycoplasmosis may yield better
insight into the mechanism of chronic mycoplasma infections. Importantly, based on the results
of this study, IL-1 may serve as a sensitive biomarker and prognostic indicator to monitor the
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health status of workers in laboratory and industrial settings as well as genetically manipulated
animals housed in different animal facilities.
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APPENDIX A: Cytospin images from low-dose infection

*

Figure A1. Representative BAL sample from mice housed in ventilated caging, changed every 14
days. No infection or vehicle given. Macrophages (arrow) and ciliated respiratory epithelial cells
(asterisk). Magnification, x60.
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Appendix A continued.

Figure A2. Representative BAL sample from mice housed in static caging, changed every 14
days. No infection or vehicle given. Macrophages (arrow) and activated macrophages (gold
arrowhead). Magnification, x60
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Appendix B: Cytospin Images from Low Infection

Figure B1. Representative BAL sample from mice housed in ventilated caging, changed every 7
days, infected with 104 CFU of M. pulmonis. Day 3 post-infection. Macrophages (arrow).
Magnification, x60

*

Figure B2. Representative BAL sample from mice housed in static caging, changed every 7 days,
infected with 104 CFU of M. pulmonis. Day 3 post-infection. Macrophage (arrow) and ciliated
respiratory epithelial cells (asterisk). Magnification, x60.
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Appendix B continued.

*

Figure B3. Representative BAL sample from mice housed in static caging, changed every 7 days,
infected with 104 CFU of M. pulmonis. Day 7 post-infection. Macrophage (arrow) and ciliated
respiratory epithelial cells (asterisk). Magnification, x60.
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Appendix B continued.

Figure B4. Representative BAL sample from mice housed in ventilated caging, changed every 7
days, infected with 104 CFU of M. pulmonis. Day 14 post –infection. Macrophage (arrow) and
lymphocyte (arrowhead). Magnification, x60.
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Appendix C: Cytospin Images from Moderate Infection

*

Figure C1. Representative BAL from mice housed in ventilated caging changed every 14 days,
infected with 3 x 106 CFU M. pulmonis. Day 5 post-infection. Macrophage (arrow), lymphocyte
(black
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Appendix C continued.
arrowhead), neutrophil (gold arrowhead), ciliated respiratory epithelial cells (asterisk).
Magnification, x60.

Figure C2. Representative BAL from mice housed in static caging changed every 14 days,
infected with 3 x 106 CFU M. pulmonis. Day 5 post-infection. Macrophage (arrow), lymphocyte
(black arrowhead), neutrophil (gold arrowhead). Magnification, x60
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APPENDIX D
Western Blot for SP-A in BAL

Lower arrow indicates ~36 kD SP-A monomer. Upper arrow indicates ~64 kD SP-A dimer.
Lane #1-3: 7d change, ventilated, vehicle

Lane # 42-47: 104 CFU, static, 7d PI

Lane # 4-6: 7d change, static, vehicle

Lane # 48-53: 104 CFU, ventilated, 14d PI

Lane # 7-12: unknown CFU, ventilated, 3d PI

Lane # 17, 18, 54-57: 104 CFU, static, 7d PI

Lane # 13-16, 90, 91: unknown, static, 3d PI

Lane # 58, 60, 61, 63: 14d, ventilated, vehicle

Lane # 19: unknown, ventilated, 7d PI

Lane # 59, 62, 64, 65: 14d, static, vehicle

Lane # 20-23: unknown, static, 7d PI

Lane # 66-71: 3 x 106 CFU, ventilated, 5d PI

Lane # 24-29: 104 CFU, ventilated, 3d PI

Lane # 72-77: 3 x 106 CFU, static, 5d PI

Lane # 30-35: 104 CFU, static, 3d PI

Lane # 78-83: 14d change, ventilated, no vehicle

Lane # 36-41: 104 CFU, ventilated, 7d PI

Lane # 84-89: 14d change, static, no vehicle
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Appendix D continued.
Western Blot for SP-A in BAL

Lower arrow indicates ~36 kD SP-A monomer. Upper arrow indicates ~64 kD SP-A dimer.

Lane #1-6: 14d change, ventilated, no vehicle
Lane # 7-12: 14d change, static, no vehicle
Lane # 13-18: 107, ventilated, 3d PI
Lane # 19-24: 107, static, 3d PI
Lane # 25-29: 107, ventilated, 7d PI
Lane # 29-36: 107, static, 7d PI
Lane # 37-42: 107, ventilated, 14d PI
Lane # 43-48: 107, static, 14d PI
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APPENDIX E
Western Blot for SP-D in BAL

Arrow indicates 40-50 kD SP-D monomer. The band at the far right of the first and second rows
is a 33 kD marker.
Lane #1-3: 7d change, ventilated, vehicle

Lane # 42-47: 104 CFU, static, 7d PI

Lane # 4-6: 7d change, static, vehicle

Lane # 48-53: 104 CFU, ventilated, 14d PI

Lane # 7-12: unknown CFU, ventilated, 3d PI

Lane # 17, 18, 54-57: 104 CFU, static, 7d PI

Lane # 13-16, 90, 91: unknown, static, 3d PI

Lane # 58, 60, 61, 63: 14d, ventilated, vehicle

Lane # 19: unknown, ventilated, 7d PI

Lane # 59, 62, 64, 65: 14d, static, vehicle

Lane # 20-23: unknown, static, 7d PI

Lane # 66-71: 3 x 106 CFU, ventilated, 5d PI

Lane # 24-29: 104 CFU, ventilated, 3d PI

Lane # 72-77: 3 x 106 CFU, static, 5d PI

Lane # 30-35: 104 CFU, static, 3d PI

Lane # 78-83: 14d change, ventilated, no vehicle

4

Lane # 36-41: 10 CFU, ventilated, 7d PI

Lane # 84-89: 14d change, static, no vehicle
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Appendix E continued.
Western Blot of SP-D in BAL

Arrow indicates 40-50 kD SP-D monomer. The other bands which are located above and below
are cross-reaction artifact with the SP-A proteins.
Lane #1-6: 14d change, ventilated, no vehicle
Lane # 7-12: 14d change, static, no vehicle
Lane # 13-18: 107, ventilated, 3d PI
Lane # 19-24: 107, static, 3d PI
Lane # 25-29: 107, ventilated, 7d PI
Lane # 29-36: 107, static, 7d PI
Lane # 37-42: 107, ventilated, 14d PI
Lane # 43-48: 107, static, 14d PI
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APPENDIX F
Western Blot for SP-B in BAL

Arrow indicates ~18 kD SP-B.
Lane #1-3: 7d change, ventilated, vehicle

Lane # 19-24: 104 CFU, ventilated, 7d PI

Lane # 4-6: 7d change, static, vehicle

Lane # 25-30: 104 CFU, static, 7d PI

Lane # 7-12: 104 CFU, ventilated, 3d PI

Lane # 31-36: 104 CFU, ventilated, 14d PI

Lane # 13-18: 104 CFU, static, 3d PI

Lane # 37-42: 104 CFU, static, 14d PI
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Appendix F continued.
Western Blot for SP-B in BAL

Arrow indicates ~18 kD SP-B.
Lane #1-4: 14d change, ventilated, vehicle
Lane # 5-8: 14d change, static, vehicle
Lane # 9-14: 3 x 106, ventilated, 5d PI
Lane # 15-20: 3 x 106, static, 5d PI
Lane # 21-26: 107, ventilated, 3d PI
Lane # 27-32: 107, static, 3d PI
Lane # 33-38: 107, ventilated, 7d PI
Lane # 39-44: 107, static, 7d PI
Lane # 45-50: 107, ventilated, 14d PI
Lane # 51-56: 107, static, 14d PI
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