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Effects of Intracage Ammonia on Markers of
Pulmonary Endothelial Integrity in Mice Housed
in Static Microisolation Cages

Michael Eichner,” Jeanette E Purcell, and Jeffrey D Fortman

Time-weighted exposure limits to ammonia are established for humans; however similar guidelines have not been defined
for laboratory rodents. The Guide recommends maintaining air pollutants at concentrations below levels irritating to mucous
membranes but does not provide specific values. Numerous studies have examined ammonia and its effects on animal health,
yet none have assessed the effects of naturally occurring intracage ammonia on the lower pulmonary tree and pulmonary
endothelial and epithelial integrity in mice. We performed several assays commonly used in mouse acute lung-injury studies
(bronchoalveolar lavage fluid [BAL] cell counts and protein concentration, excess lung water content [ELW], Evans blue perme-
ability assay [EBA], lung tissue myeloperoxidase assay [MPO], and lung histopathology) to evaluate the effects of exposure
to cyclical, naturally occurring ammonia levels on pulmonary integrity and inflammation. C57BL/6 mice were maintained in
static microisolation or open-top cages. Cages were changed weekly, and ammonia levels were measured for 6 wk on days 0,
1, 3, 5, and 7 of each cage-change cycle. Ammonia levels in static microisolation cages began to increase on day 3 and peaked
at a mean of 141.3 ppm on day 7. Ammonia levels in open-top cages never exceeded 5 ppm. Neither BAL cell counts, protein
concentration, ELW, EBA, nor MPO differed significantly between groups. Lung histopathology showed minimal, incidental
changes in all mice. Our findings indicate that the ammonia concentrations in the static microisolation cages we used did not
alter the integrity of the lower pulmonary tract nor influence key indicators used to assess acute lung injury.

Abbreviations: ALI, acute lung injury; BAL, bronchoalveolar lavage fluid; EBA, Evans blue permeability assay; ELW, excess lung

water content; MPO, lung tissue myeloperoxidase assay

Numerous studies have examined the relationship between
ammonia and the cage microenvironment in the context of cage
design,'6222425 bedding type,”19192226 animal wellbeing,®??
and health.391721 Although many of these studies evaluated
the role of ammonia in terms of inflammation and damage to
the upper respiratory tract, little quantitative information is
available regarding the effects of naturally occurring intracage
ammonia on the lower pulmonary tree and pulmonary endothe-
lial and epithelial integrity in mice. Furthermore, guidelines for
exposure limits to ammonia in rodent species have not been
established. The 8th edition of the Guide for the Care and Use of
Laboratory Animals'! recommends changing cages sufficiently
frequent to maintain the concentration of air pollutants “below
levels irritating to mucus membranes.” Despite offering several
factors to consider in minimizing these pollutants, the Guide
ultimately relies on professional judgment and consultation
between the investigator and animal care personnel to mitigate
the potential health effects of these pollutants on laboratory
animal species.

Atour institution, several researchers study acute lung injury
(ALI). This spectrum of pathologies results in disturbances to
the alveolar endothelium and epithelium and leads to a loss
of pulmonary capillary integrity. Disruption to this barrier
ultimately causes lung injury through mechanical damage and
decreased alveolar immune response. The American Thoracic
Society recognizes several common measurements that demon-
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strate various aspects of lung damage within the ALI condition!*
and has identified a subset of these measurements as “very
relevant” in identifying inflammatory responses and alterations
in alveolar endothelium. These subset measurements include
bronchoalveolar lavage fluid (BAL) cell counts and protein
concentrations, excess lung water content (ELW), Evans blue
permeability assay (EBA), lung tissue myeloperoxidase assay
(MPO), and lung histopathology.

In addition, the American Thoracic Society recognizes 4 main
features in characterizing ALI in the animal model—disruption
of the alveolar—capillary barrier, a pulmonary inflammatory
response, histologic evidence of tissue injury, and evidence of
physiologic dysfunction. The assays we examined in the current
study measure the first 3 features that characterize ALIL Integrity
of the alveolar—capillary barrier integrity is assessed by evaluat-
ing fluid cellularity and protein concentration, lung edema, and
extravasation of small proteins into airspaces as determined by
BAL, ELW, and EBA, respectively. The pulmonary inflammatory
response is determined by quantifying MPO, which reflects
neutrophil accumulation in the lung and migration into the
airspaces. The third feature, tissue injury, is assessed directly
through histopathologic evaluation.!4

Mice are commonly used to analyze the pathophysiology
and treatment of ALI, but whether episodic exposure of mice
to elevated levels of naturally occurring ammonia in the cage
microenvironment affects physiologic indicators used to assess
ALl is currently unknown. The purpose of this study was to
determine whether episodic exposure to naturally occurring
ammonia within the static microisolation cage during the pres-
tudy period is a confounding factor in the ALl mouse model. In
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this context, the influence this type of ammonia exposure has
on the integrity of the pulmonary endothelium and epithelium
might also be evaluated.

Materials and Methods

Facility. The Biologic Resources Laboratory is the centralized
animal facility at the University of Illinois at Chicago, which
has an AAALAC-accredited animal care and use program.
The facility regularly tests for and excludes Helicobacter spp.,
Moycoplasma pulmonis, pinworms, fur mites, murine norovirus,
mouse rotavirus, mouse hepatitis virus, mouse parvoviruses,
minute virus of mice, pneumonia virus of mice, reovirus 3,
murine adenovirus types 1 and 2, polyomavirus, and Theiler
murine encephalomyelitis virus.

Mice and housing conditions. Female C57BL /6] mice (n = 60;
age, 6 wk) were obtained from The Jackson Laboratory (Bar
Harbor, ME) housed 5 per cage. Female mice were selected
to decrease the potential for intracage aggression. Mice were
housed in autoclaved cages (polysulfone cage, 75 in® floor space,
model PC75JHT, Allentown Caging, Allentown, PA), where 6
of the 12 cages were maintained under our facility’s standard
conditions for static microisolation caging, which include a wire
bar lid and a microfilter top. The other 6 cages were maintained
under open-top conditions without a microfilter top to mimic
a controlled, room-level macroenvironment.

Each cage was prepared with 150 g of autoclaved corncob
bedding (Envigo, Indianapolis, IN), an autoclaved cotton square
(Ancare, Bellmore, NY) for nesting enrichment, and a bottle
containing autoclaved municipal water. All cages were changed
once every 7 d. Mice were housed in a restricted-access suite,
maintained in the same room, and were the only animals in the
suite for the duration of the study. Mice were observed daily
and were minimally disturbed between cage changes. Cage lids
remained securely on the appropriate cages and were removed
only at the time of weekly cage change. The room was main-
tained on a 14:10-h light:dark cycle and had 10 to 15 air changes
per hour. All animal work was performed in accordance with
a University of Illinois at Chicago IACUC-approved protocol.

Cage modifications and gas measurement. Each cage was out-
fitted with an access hole (diameter, 1 cm), which was capped
with a sterile thermoplastic elastomer plug (TPE-K65, Rubber
Dynamics, Miami, FL). The hole was placed in the middle of
the long side of the cage 1.5 inches from the bottom, thus ap-
proximating the level of the mouse nose (Figure 1). The plugs
remained in place throughout the study, except for the brief
periods of sampling for ammonia gas. Cages were placed on a
standard rack in the middle of the room and randomized for
rack level and rack position once each week at cage change.

Ammonia gas levels inside the cages were measured by using
a bellows pump (Accuro, Drager, Pittsburg, PA) and ammonia
colorimetry gas detection tubes (range, 5 to 600 ppm; model
5/a, Drager). The pump and gas detection tubes were operated
according to manufacturer instructions.

Experimental design. Ammonia was measured by removing
the elastomer plug and inserting the ammonia detection tube
through the access hole. Measurements were taken on days 0,
1,3,5,and 7, between 0730 and 0930. Day 7 corresponded with
the day of cage change; ammonia measurements were taken
just before cage change and again afterward to reset the weekly
cycle back to day 0. Ammonia measurements were collected
under this schedule for 6 consecutive weeks. One mouse from
each cage was randomly selected and used for each assay (BAL,
ELW, and MPO) in combination with lung tissue collection for
histopathology; 2 mice from each cage were used for EBA.

Intracage NH, levels and markers of pulmonary endothelial integrity
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Figure 1. Cage modifications made to facilitate measurement of am-
monia gas. (A) Static microisolation cage. (B) Open-top cage. (C) Am-
monia gas sampling through the access hole.

BAL. The BAL procedure was performed as previously
described.* Briefly, mice were anesthetized by using intraperi-
toneal ketamine (100 mg/kg; Henry Schein, Dublin, OH) and
xylazine (5 mg/kg; Henry Schein). Lungs were instilled with 1
mL of cold HBSS (Invitrogen, Grand Island, NY) by means of
tracheal cannulation. After centrifugation, the supernatant was
collected for cell counts by using a standard hemocytometer
technique and for protein concentration measurement by a
commercial assay (Pierce BCA Protein Assay, Thermo Scientific,
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Rockford, IL). Cell counts were grouped according to housing
condition.

ELW. ELW was determined as previously described.? Briefly,
mice were anesthetized by using intraperitoneal ketamine (100
mg/kg; Henry Schein, Dublin, OH) and xylazine (5 mg/kg;
Henry Schein). A blood sample from the inferior vena cava
was collected to measure Hct. The whole lung was excised en
bloc by means of thoracotomy and dissected free of connective
tissues before being placed into preweighed tubes containing 1
mL of deionized water. The lung sample was homogenized, and
aliquots of lung homogenate were separated and centrifuged.
The supernatant of lung homogenates and whole blood from the
collection tubes were measured for Hgb concentration (model
Hb 201, HemoCue, Cypress, CA). Aliquots of lung homogenate,
lung supernatant, and whole blood were weighed before and
after being placed in a drying oven for at least 24 h to determine
differences in water loss.

EBA. The EBA was performed as previously described.®
Briefly, a 1% solution of Evans blue (Sigma-Aldrich, St Louis,
MO) was prepared in PBS; bovine serum albumin was added
to a final concentration of 4%. Mice were anesthetized using
intraperitoneal ketamine (100 mg/kg; Henry Schein, Dublin,
OH) and xylazine (5 mg/kg; Henry Schein). The right jugu-
lar vein was isolated and injected with 200 uL of the Evans
blue solution, and the mouse was returned to its cage for 30
min. After appropriate anesthetic depth was achieved, the
thoracic cavity was accessed and a small incision was made
in the right ventricle to allow for perfusion of the lungs with
PBS solution. Evans blue albumin was extracted from the
lungs. The optical density of the supernatant was determined
spectrophotometrically at 620 and 740 nm, and the amount of
bovine serum albumin (in micrograms) per mass of wet lung
(in grams) was calculated and compared with an Evans blue
standard curve.

MPO assay. The procedures for this assay followed previ-
ously published protocols.!? Briefly, mice were anesthetized
using intraperitoneal ketamine (100 mg/kg; Henry Schein,
Dublin, OH) and xylazine (5 mg/kg; Henry Schein) and then
underwent cervical dislocation. The lungs were removed en
bloc by means of thoracotomy. The left lung lobe was pre-
served for histopathology, and the right lobe was weighed and
homogenized in a standard MPO homogenate medium. The
homogenate was sonicated 3 times on ice and centrifuged for
30 min. A 10-uL sample of the supernatant was loaded onto a
cuvette plate with phosphate buffer. Change in absorbance was
measured at 460 nm for 3 min in triplicate. MPO activity was
expressed as the change in absorbance per minute per gram
of tissue.

Lung histopathology. In conjunction with the MPO assay, the
lungs were removed en bloc from the thorax. The left lung lobe
was collected and fixed in 10% neutral buffered formalin for
histopathologic evaluation. Samples were embedded in paraffin
and sliced into 5-um sections before staining with hematoxylin
and eosin. Histopathologic evaluation was performed by a
board-certified veterinary pathologist who was blinded to the
housing condition of each mouse.

Statistical analysis. All assays were performed by technicians
blinded to experimental groups. Ammonia levels in static
microisolation cages and for open-top cages were averaged at
each time point for the duration of the study. Statistical analysis
was performed by using a Student f test for 2-tailed distribution
with an assumed equal variance (Prism version 7.2, GraphPad
Software, San Diego, CA). A P value of less than 0.05 was con-
sidered significant. Data are presented as mean + SEM.

Results

BAL. BAL total cell count (mean + SEM) was 1.59 +0.21 x 10°
cells/mL for mice in static microisolation cages and 1.64 £ 0.16 x
10° cells/mL for those in open-top cages. Protein concentration
in BAL fluid was 215.90 + 15.39 pg/mL for the static microiso-
lation group and 244.2 + 18.10 pg/mL for the open-top group.
Neither total BAL cell count (P = 0.8602) nor protein concentra-
tion (P = 0.2614) differed significantly between mice housed in
static microisolation compared with open-top cages.

ELW content. ELW (mean + SEM) of the mice in the static
microisolation cages was 14.58 + 0.72 pL and in the open-top
cages was 18.23 +2.04 uL. These values did not differ (P = 0.1226)
between the 2 housing conditions (Figure 2).

EBA. EBA in the static microisolation cage group was 16.05
+1.72 uL/g compared with 13.94 + 1.04 pL/g for the open-top
cage group. The values showed no significant difference (P =
0.3064) between the 2 housing conditions (Figure 2). One mouse
each was excluded from the static microisolation and open-top
conditions due to technical difficulty; data were not collected
from these 2 animals.

MPO assay. MPO was 8.11 + 0.82 units/min/g in the static
microisolation group and 8.80 £ 0.09 units/min/g in the open-
top group (P = 0.5879; Figure 2).

Lung histopathology. No noteworthy histopathologic changes
were present in any of the 12 lung samples submitted (Figure 3).
Alveolar walls were thin and did not contain excessive numbers
of cells. Bronchi and bronchiolar spaces were free of cellular
infiltrate. An occasional macrophage was observed within an
alveolar space. Epithelial cells were occasionally hypertrophic
and, in rare cases, dissociated and free in the lumen. Collectively,
these changes were minor, rare, and unassociated with any
particular animal or group. The pathologist considered these
changes to be incidental findings.

Ammonia measurements. Ammonia concentrations in the
room remained below the level of detection (that is, less than 5
ppm) throughout the study period. Ammonia measurements
in all open-top cages were below the detection threshold at all
time points, except for one cage that had a level of 5 ppm just
before cage change. Static microisolation cages had a detectable
increase in ammonia on day 3, and ammonia concentrations
steadily increased thereafter until the time of cage change on
day 7. Mean ammonia concentrations in the 6 static microisola-
tion cages on day 7 ranged from 22.4 to 141.3 ppm throughout
the study (Figure 4).

Discussion

Ammonia is a naturally occurring air pollutant in the micro-
environment of static microisolation cages. In this study, relevant
markers of pulmonary endothelial and epithelial integrity and
inflammation commonly assessed during ALI research were
investigated within the context of the microisolation caging
system. The purposes of this study were to evaluate the influ-
ence of naturally occurring intracage ammonia on the health
of the lower pulmonary tract in mice and to evaluate whether
static microisolation caging is appropriate for the maintenance
of mice before the initiation of ALI studies.

ALl is an inflammatory condition that induces alterations
in lung epithelial and endothelial barriers. This condition is
characterized by microvascular endothelial injury, which leads
to increased capillary permeability, transepithelial neutrophil
migration, and a shift of protein-rich fluid into the interstitium.?
ALI in humans is clinically well defined;?> however, the condi-
tion in animal models is difficult to extrapolate to the human
disease state, due to the lack of a single physiologic marker
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Figure 2. Effects of housing condition on ELW, top; EBA, middle; and
MPO, bottom. Values are expressed as mean + SEM. Neither excess
lung water (P = 0.1226), Evans blue assay (P = 0.3064), nor myelop-
eroxidase (P = 0.5879) differed significantly between housing condi-
tions. Closed circles represent static microisolation cages; open circles
represent open-top cages.

with sufficient sensitivity and specificity to assess the various
etiologies and gradations of ALIL For these reasons, the Ameri-
can Thoracic Society recommends using multiple assays and
histopathology, which we assessed here, to serve as correlates
of the main features of ALI to define and characterize the ALI
experimental animal model.'

Some of the main features of experimental ALI are deter-
mined by measuring disruption to the pulmonary endothelial
and epithelial barriers. Evidence for altered endothelial barrier
integrity and permeability is supported by the presence of
protein-rich fluid recovered after BAL and the accumulation
of fluid within the lung, as determined by ELW. Normally, the
pulmonary endothelium is impermeable to proteins found in
the vascular system, such as albumin, but during inflammatory
states, pulmonary permeability is altered, and small proteins
leak from the vascular space. Because albumin can be traced

Intracage NH, levels and markers of pulmonary endothelial integrity

by using Evans blue dye, EBA can be performed to evaluate
pulmonary endothelial damage by measuring albumin leakage
consequent to inflammation.

An acute inflammatory response and tissue injury are other
characteristics of ALI, which manifest as neutrophil accumula-
tion and activation within the lung and present histologically
as diffuse alveolar damage. BAL can demonstrate inflammation
within lung airspaces by quantifying cellular influx, which pri-
marily includes macrophages, lymphocytes, and neutrophils.
When neutrophils become activated within airspaces, they
release myeloperoxidase and accordingly, MPO can be used
to assess activated neutrophil shift into alveolar spaces. Tissue
injury can be determined by histopathology. In humans, the
hallmark pathologic finding of ALI is diffuse alveolar damage;
however, the characteristics of diffuse alveolar damage cannot
be reproduced fully in animal models.' Instead, various his-
tologic features, such as the presence of hyaline membranes,
thickened alveoli, and alveolar spaces with proteinaceous debris
and neutrophilic infiltrate are used as markers of the degree of
lung injury present in the animal model.

In our study, data for BAL cell counts and protein concen-
tration, ELW, EBA, and MPO showed no significant difference
between the 2 groups of mice. Lung histopathology revealed
similar, clinically unremarkable findings between the 2 hous-
ing conditions. Our findings demonstrate no difference in the
respective assays between housing conditions to indicate any
alterations in inflammation or permeability, despite differences
in ammonia exposure associated with housing systems.

As a result of bacterial metabolism of urea present in mouse
urine, mice in microisolation caging are exposed to naturally oc-
curring ammonia levels of increasing magnitude throughout the
cage-change period. Our data show that microenvironmental
ammonia within static microisolation cages began to increase on
day 3 after cage change and peaked at the time of cage change
(that is, day 7; Figure 4) to a maximum average of 141.3 ppm.
After cage change, ammonia levels returned to below detectable
limits. These findings of cyclical fluctuations are consistent with
prior studies.17242

According to human standards, the 8-h time-weighted aver-
ages for ammonia exposure of 25 ppm? or 50 ppm!® are based
on reports of sensory, eye, and respiratory tract irritation.
Exposure limits to ammonia for mice have not been defined,
and applying human exposure standards to mice may be an
inaccurate correlate. In one study,? mice at high housing den-
sities were exposed to natural, intracage ammonia levels that
exceed those in our current study. However, weight gain and
growth rates were unaffected, nasal passages and eyes showed
no histologic evidence of ammonia damage, and mice did not
demonstrate behaviors indicative of discomfort or distress as a
result of increased ammonia exposure.?® In some studies,>”#27
exposure to natural ammonia caused microscopic changes in
upper respiratory epithelium, whereas other studies!'4? offer
conflicting evidence by demonstrating rodents with absent
to mild histopathologic changes in the nasal epithelium and
respiratory tract.

In our study, ammonia levels exceeded the 25-ppm human
exposure limit® during 5 of the 6 wk and the 50-ppm human
exposure limit'® during 4 of the 6 wk. The 2 consecutive cage-
change periods during which ammonia levels did not exceed
50 ppm occurred when the average environmental humidity of
animal facility was lower than usual. The connection between
macroenvironmental humidity and intracage ammonia has
been documented,?? wherein lower humidity levels result in
reduced generation of ammonia. During the study period when
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Figure 3. Representative lung histopathology from a mouse housed in a static microisolation cage (magnification: top left, 4x; top right, 20x) and
from a mouse housed in an open-top cage (magnification: bottom left, 4x; bottom right, 20x). No noteworthy abnormal pathology or histologic

changes indicative of alveolar damage or inflammation are present.

ammonia levels did not exceed regulatory exposure limits, the
average daily macroenvironmental humidity levels ranged from
48.5% to 62.3%. Macroenvironmental humidity averages outside
of this time period were slightly higher, ranging between 51.8%
and 70.3%. In addition, air temperature can influence the gen-
eration of ammonia;'® however, during the period of decreased
humidity in our facility, room temperature remained relatively
consistent—from 71.6 to 74.9 °F (22.0 to 23.8 °C)—whereas av-
erage temperatures outside of this period ranged from 70.2 to
74.7 °F (21.2 t0 23.7 °C).

In our study, no histopathologic differences were present in
the lungs of mice housed in static microisolation cages compared
with open-top cages, nor was there any histologic evidence of
lung injury (Figure 3). Histopathology indicated normal lungs
with only minor incidental findings after exposure to cyclical,
naturally occurring microenvironmental ammonia during the
6-wk study period. These findings indicate that the ammonia
levels recorded in this study are insufficient to cause histologic
and pathologic changes in these mice.

To our knowledge, this study is the first to evaluate the effects
of intracage ammonia on the integrity of the lower pulmonary
endothelium and epithelium by using assays commonly ap-
plied in ALI models. The results demonstrate that exposure
to the cyclical, naturally occurring intracage ammonia levels
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Figure 4. Intracage ammonia concentration (mean + SEM) in static mi-
croisolation and open-top cages. Each time point represents the mean
ammonia measurement among 6 cages, with each cage containing 5
mice. The blue line represents the static microisolation cages; the red
line indicates open-top cages.

observed in this study within static microisolation caging does
not negatively influence murine models of ALI during the
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prestudy period. More specifically, our findings indicate that
the ammonia concentrations measured in the static microisola-
tion cages used to maintain mice in this study do not alter the
integrity of the lower pulmonary tract nor influence key “very
relevant” indicators' used to assess AL], including BAL, ELW,
EBA, MPO, and lung histopathology.

Ammonia in the static microisolation cages reached a maximal
mean of 141.3 ppm on day 7; however, prolonged or continual
exposure to ammonia levels at higher concentrations may
produce effects not detected in this study. Moreover, opportu-
nities for additional studies remain. Genetic polymorphisms
in different mouse strains are known to have biologic signifi-
cance regarding the respiratory effects of air pollution,?*? and
group-housed male mice may have greater rates of ammonia
production.?” Similarly, the effects of ammonia on biomarkers
of vascular permeability have yet to be evaluated in IVC sys-
tems. Although our findings can be applied to institutions with
static microisolation caging systems, colony pathogen status,
the strain of mouse, and the macroenvironment, among other
factors, should be evaluated to further determine the effect of
the microenvironment-ammonia paradigm on murine models
of ALL
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