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Arginase gene expression in the lung has been linked to asthma both in clinical studies of human patients and
in the well-studied mouse model of ovalbumin-induced airway inflammation. Arginase is thought to regulate
NO levels in the lung by its ability to divert arginine, the substrate for nitric oxide synthases that produce
citrulline and NO, into an alternative metabolic pathway producing ornithine and urea. In the present study
arginase I and arginase Il concentrations were measured in isolated microdissected airway preparations from
sensitized Balb/c mice exposed to ovalbumin aerosol. We found that arginase Il was constitutively expressed

ﬁi{}‘:vrg;ds" in the airways of normal mice, whereas arginase I was undetectable in normal airways, while its expression
Eosinophils was increased in airways of mice exposed to ovalbumin. The expression of arginase I strongly correlated with
Nitric oxide the presence of lung inflammation, as quantified by differential cell counts in lung lavage, suggesting that
Arginine most, or all, of the arginase I in lungs of mice exposed to ovalbumin is present in the inflammatory cells rather
Citrulline than in the airway epithelium. There was also a significant correlation between increased expression of

Airway inflammation arginase I in the isolated airways and decreased lung compliance. On the other hand, while we found arginase
Il expression to also be significantly increased in airways from mice exposed to ovalbumin as compared with
normal airways, the relative increase was much less than that observed for arginase I, suggesting that there
was a smaller contribution of inflammatory cells to the arginase Il content of the airways in mice exposed to
ovalbumin. There was no apparent correlation between the content of arginase in isolated airways and
exhaled NO concentration in the expired air from mice exposed to ovalbumin. However, there was a
correlation between exhaled NO concentration from mice exposed to ovalbumin and the lymphocyte content
of the lung lavage.
The concentration of arginine found in isolated airways from Balb/c mice exposed for 2 weeks to ovalbumin
was about half of the value found in isolated microdissected airways from normal mice. Treatment of mice
systemically with an arginase inhibitor significantly increased the amount of NO produced, as measured as the
amount of nitrite+nitrate (NOx) in lung lavage supernatant prepared from mice exposed to ovalbumin. Our
results are consistent with the hypothesis that the response of the lung to ovalbumin challenge includes an
adaptive response in the large airways regulating the concentration of arginine within cells of the airway
epithelium and subepithelial layer, by shunting of arginine into the metabolic pathway for increased synthesis
of NO.

© 2008 Elsevier Inc. All rights reserved.

Introduction

The roles of nitric oxide (NO) in lung injury and repair are highly
controversial. There is clinical wisdom that increased production of
exhaled NO by asthmatic patients is a biomarker of disease severity;
exhaled NO is presently being used as an American Thoracic Society/
European Respiratory Society (ATS/ERS)-approved guideline (ATS/ERS,
2005) for assessing severity of asthma, and drugs that suppress the
activity of nitric oxide synthases are in clinical trials for treatment of
asthma and various other lung diseases. Lung NO may be produced from
arginine by any of the three nitric oxide synthase isoforms (Vercelli,
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2003). Thus, production of NO may be regulated by the amounts of nitric
oxide synthase (NOS) enzyme available, and by the availability of the
substrate for NOS, L-arginine. Arginine levels in lung are thought to be
regulated by the availability of arginase I and arginase II, enzymes which
convert L-arginine into L-ornithine+urea. Alternatively, L-arginine is
converted by nitric oxide synthase into NO+L-citrulline.

Arginase gene expression in the lung has been linked to asthma
both in clinical studies of human patients and in the well-studied
mouse model of ovalbumin-induced airway inflammation. Expression
of arginase is upregulated by IL-4 and IL-13 during allergic inflamma-
tion, which is believed to decrease the amount of arginine available for
production of NO (Vercelli, 2003). It has been suggested that arginase
contributes to the regulation of NO levels in the lung by its ability
to catalyze the diversion of arginine, the substrate for nitric oxide
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synthases, into an alternative pathway producing ornithine (King
et al., 2004; Ricciardolo, 2003). There is a potential for competition
between these two enzymes for available arginine, and the interplay
between these two pathways is thought to be rate limiting for the
generation of NO (Meurs et al., 2003).

In a seminal study, Zimmermann et al. (2003) reported that lung
tissue from Balb/c mice undergoing allergen (either ovalbumin or
A. fumigatis)-induced experimental asthma expressed higher levels of
arginase I and Il mRNAs, as evaluated by gene array analysis. In situ
hybridization analysis and immunohistochemistry localized arginase I
mRNA staining to perivascular and peribronchial inflammatory cells,
especially alveolar macrophages. The relative increase in mRNA
expression for arginase I between ovalbumin- and saline-treated
mice was about 10-fold higher than that for arginase II in these ex-
periments (King et al., 2004). These observations have been confirmed
at the protein level by Fajardo et al. (2004), who found increased
arginase I (but apparently not arginase II) in the lungs of C57BL mice
treated with ovalbumin. At about the same time, Morris et al. (2004)
studied alterations in L-arginine metabolism in human patients with
asthma. In the population studied, serum arginase activity was
elevated, and plasma arginine levels decreased; the specific arginase
isoform(s) involved was not reported in this study.

These considerations encouraged us to determine arginase I and
arginase Il contents in the lungs of sensitized mice exposed to oval-
bumin aerosol. We attempted to localize a specific anatomical com-
partment in which the arginase enzymes were expressed within the
lung in this well characterized mouse model. To do this, we examined
arginase I and Il levels in isolated, microdissected airway preparations
prepared from the lungs (predominantly conducting airways below
the level of the trachea), and by examining correlations between the
presence of specific inflammatory cells in lung lavage fluid and
expression of each of the arginase isoforms. We then tested the
hypothesis that an adaptive response of the large airways includes
regulation of the concentration of arginine within cells of the airway
epithelium and subepithelial layer of the lung upon ovalbumin
challenge. We also examined whether average airway concentrations
of arginine in the mouse ovalbumin model were altered in mice
undergoing allergen-induced airway inflammation. Finally, we exam-
ined the effects on arginine metabolism of inhibiting arginase in
normal and asthmatic mice with an arginine transition-state ana-
logue, N®-hydroxy-nor-arginine (nor-NOHA).

Experimental methods

Animals. Balb/c mice, 25-30 g, 8-12 week old males, were purchased from Charles River
Laboratories. Mice were certified as chronic respiratory disease free by the supplier, and
were routinely screened for health status by serology and histology by our veterinary
animal resources facility. There were no paramyxoviral, or other viral pathogens,
present in these animals that might themselves provoke chronic airway inflammation
(Walter et al., 2002; Schwarze et al., 1997). Animals were maintained in a HEPA-filtered
laminar flow cage rack with a 12-hour light/dark cycle and allowed free access to food
(Purina Rodent Chow) and water. Animals were housed and cared for by the veterinary
staff of Animal Resource Services at UCD in AALAC-accredited facilities, in plastic cages
over autoclaved bedding in HEPA-filtered cage racks.

Exposure of mice to ovalbumin aerosol. Mice were sensitized by an intraperitoneal (ip)
injection of ovalbumin (2x10 pg/0.1 ml, 2 weeks apart, i.e. on day 0 and day 14)
consisting of a chicken egg albumin (ovalbumin, grade V, >298% pure, Sigma, St. Louis,
MO) with alum adjuvant as described by Kenyon et al. (2003a). After sensitization, the
mice were divided into two groups; OVA sensitized/OVA exposed and OVA sensitized/
filtered air (FA) exposed. One to three hours after the final air or ovalbumin aerosol
exposure, subsets of mice in each cohort underwent physiological studies
(see below). Immediately thereafter, these mice (and all others that did not undergo
assessment of lung compliance/resistance) were euthanized and their lungs were
lavaged for determination of biochemical and toxicological parameters. Subgroups of
mice were analyzed for physiological responses and/or determination of biochemical
parameters depending on the specific experimental protocol; actual numbers of mice
analyzed in any specific procedure are indicated on the figures shown in the Results
section.

For mice in the OVA sensitized/OVA exposed group, exposures to ovalbumin
aerosols were performed using chambers and generators we have described in Kenyon

et al.,, 2003a. Exposures to ovalbumin aerosol, 10 ml of a 10 mg/ml (1%) solution, began
on day 28 (i.e. 14 days after the second ip OVA injection). The mice were exposed to the
aerosol three times per week for 30 min per exposure for the duration of 2 weeks (6
exposures total). Mice in the OVA sensitized/filtered air-exposed group were exposed to
filtered air only.

All aerosol exposures utilized a side-stream nebulizer (Invacare Corporation, Elyria,
OH) and Passport Compressor (Invacare, Sanford, FL) to generate the aerosols, which
have a mass concentration of 56 mg/M3 and a size (MMAD) of 1.9+0.20 ym, 05 2.6+0.2
(Kenyon et al., 2003a). Aerodynamic size distributions were determined from samples
collected with a Mercer-type cascade impactor. The content of chloride anion derived
from saline residue in the particles was measured on each of the seven impactor stages
and the after-filter by ion chromatography (Model DX-120, Dionex Corp., Sunnyvale,
CA). A log-normal distribution was fitted to each sample set of data. The values reported
were the mass median aerodynamic diameter (MMAD) and the geometric standard
deviation (o) of the fitted distributions. Aerosol mass concentrations were determined
by analysis of the protein concentration on filter samples collected over a known time
interval. We routinely tested the generators for a 30-minute exposure interval.

Lung compliance and resistance measurements. The dynamic compliance and resistance
of the respiratory system were measured with a plethysmograph for restrained animals
(Buxco Inc., Troy, NY) 1-3 h after termination of the final OVA exposure. Mice were
deeply anesthetized and sedated with medetomidine, 0.5 mg/kg (Domitor, Orion
Pharma, Finland), and tiletamine/zolpidem, 50 mg/kg (Telazol, Fort Dodge Laboratories,
Fort Dodge, IA). Mice were ventilated at 7-8 cm>/kg with a mouse ventilator (MiniVent,
Harvard Apparatus, Cambridge, MA) for the duration of the procedure. Compliance
(Cdyn as ml/cm of H,0) and resistance (Rrs, as cm of H0*s/ml) measurements were
made at baseline and immediately following serial 3-minute nebulizations of saline and
methacholine (0.1-2.0 mg/ml), with 3-minute recovery periods allowed after each
exposure to methacholine.

Whole lung lavage. Immediately after the collection of pulmonary function data, the
mice were killed by an ip overdose of phenobarbital and dilantin following AALAC
guidelines for euthanasia. Animals were placed on a restraining board, whole blood was
removed by cardiac puncture and processed to isolate plasma, which was stored at
-80 °C, and the lungs were lavaged with a total of 2 ml of phosphate-buffered saline
(pH=7.4). Lavage samples were centrifuged at 2000 rpm on a tabletop centrifuge and
lavage supernatant reserved and stored at -80 °C for determination of nitrate and
nitrite content. The remaining cell pellet was treated with ACK/RBC lysis buffer to
remove red blood cells that may have been present, recentrifuged at 2000 rpm and the
remaining cell pellet resuspended in 0.5 ml PBS. The total live, lavaged cell number was
determined using a hemacytometer with trypan-blue exclusion to assess cell viability.
Cell differentials were examined in cytocentrifuge preparations. A 100 nL aliquot of
the processed lavage cell suspension was processed onto a positive-charged glass slide
in a cytocentrifuge at 1650 rpm for 7 min and stained as per manufacturer's instructions
using the Protocol Hema3 Stain Set (Fisher Scientific Company, Kalamazoo, MI)
consisting of a hematoxylin and eosin counterstain. Cells were classified as pulmonary
alveolar macrophages, polymorphonuclear leukocytes (neutrophils), lymphocytes,
eosinophils, or “other” based upon staining color and characteristic morphology.

Measurement of exhaled NO and of nitrate/nitrite in lung lavage supernatant. Prior to the
methacholine dose-response challenge, a five-minute sample of exhaled gases was
collected from the exhalation port of the ventilator (immediately after insertion of a
mouse into the plethysmograph) to determine baseline exhaled NO concentration.
Samples were collected into a specially constructed Tyvek bag from the cannulated
mice. This 5-minute sample was adequate for the measurement of NO concentration in
the expired air, using a Sievers Nitric Oxide analyzer (Sievers Inst., Boulder, CO) (Silkoff
etal., 1999). Nitrate and nitrite in the previously isolated lavage samples were measured
as an indicator of NO production through reduction with acidified vanadium III using
the Sievers NO Analyzer (Sievers, Boulder, CO).

Western blot analysis of arginase content in the conducting airway compartment. Mouse
lungs that had been previously lavaged were excised and the left lobe was isolated at the
carina and washed in ice-cold PBS. Right lungs were stored frozen or fixed in
paraformaldehyde and not used for further studies reported in this paper. Isolated
airways from the left lung lobe were prepared by blunt dissection, obtaining a
preparation of the larger conducting airways consisting of the carina through the third
generations of conducting airway, separate from adherent parenchyma and vasculature.
Isolated airways were then sonicated in a homogenization buffer consisting 0.1% SDS,
protease inhibitor cocktail (Sigma-Aldrich, MO) diluted as per manufacturer's
recommendation and 0.1 mg/ml phenylmethanesulfonyl fluoride (PMSF) in PBS.
Homegenates were centrifuged at 10,000 rpm for 20 min. Supernatant total protein
concentrations of individual samples were determined by MicroBCA Protein Assay Kit
(Pierce Rockford, IL). Aliquots of 15 ug of total protein were removed, mixed with 4x SDS
electrophoresis sample buffer, and then heated to 65 °C for 15 min. Proteins present were
then separated by SDS gel electrophoresis under reducing conditions using a 10% Bis-
Tris polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA) in MES running buffer
(Invitrogen Corp, Grand Island, NY) and then transferred to a PVDF membrane using an
electroblotting apparatus. Membranes were blocked with 5% non-fat powdered milk in
phosphate-buffered saline (PBS) for 60 min at room temperature. The membranes were
then incubated with the primary antibodies (i.e. arginases I and II goat anti-rabbit
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Fig. 1. Eosinophil (Eos) and lymphocyte (Lym) percentages in the lung lavage fluid from
Balb/c mice exposed to ovalbumin aerosol for 2 weeks. *, significantly higher than
the corresponding air group (P<0.001). The values shown on the graph are group
mean percentage of total cells+SE, with experimental group size, N, represented as a
bracketed number above the bar.

primary antibodies from Santa Cruz Biotechnologies, Santa Cruz, CA; 1:200 dilution for
both antibodies in 5% non-fat powdered milk in PBS) for 1 h at room temperature. The
membranes were then washed 6 times (5 min each with 0.05% Tween 20 in PBS [PBST])
and incubated with a horseradish peroxidase (HRP)-conjugated anti-goat secondary
antibody (1:10,000) for 1 h at room temperature. After 6 washes with PBST, the mem-
branes were incubated with Immobilon Western Chemiluminescent HRP Substrate
reagent (Millipore, Billerica, Massachusetts) for 1 min. Chemiluminescence was mea-
sured by exposing the membranes to X-ray film and digitizing the resulting images after
development of the film using a high-resolution flat bed scanner. Band densitometry
analysis was performed using Kodak 1D software (Eastman Kodak, Rochester, NY).

Measurement of L-arginine and L-arginine metabolites in the conducting airway
compartment. Aliquots of the supernatant derived from isolated, microdissected airway
homogenates (each containing 50 g of total protein) were deproteinized using acetone
(4:1 [vol/vol] acetone: tissue supernatant). The resulting supernatant was removed and
evaporated to dryness using a vacuum centrifuge. The samples were then analyzed for
basic amino acid and polyamines by reverse-phase HPLC after pre-column derivatiza-
tion with phenylisothiocyanate (PITC) (Sarwar and Botting, 1990) or dansyl chloride
(Minocha and Long, 2004), respectively.

Inhibition of arginase activity. Thirty-two Balb/C mice of matching age and weight were
sensitized to ovalbumin by ip injection as described above and divided into four groups
of eight mice: PBS injected/filtered air-exposed, PBS injected/ovalbumin-exposed, N*-
hydroxy-nor-L-arginine (nor-NOHA) injected/filtered air-exposed, nor-NOHA injected/
ovalbumin-exposed. In these studies, where the mice were then to be exposed
(following the regimen above) to either filtered air or aerosolized ovalbumin, cohorts
were administered either 100 pg of nor-NOHA/0.1 ml PBS or 0.1 ml of PBS alone via ip
injection 30 min prior to each challenge (ovalbumin aerosol or filtered air). All
subsequent processing of mice in this experimental group after the final aerosol or
filtered air challenge was the same as described above.

Statistical analysis of data. Results are presented as mean values+SEM. Means were
compared by Student's t-test or ANOVA, with Tukey's correction for multiple com-
parisons applied where appropriate, using the Prism 4 software package (Graphpad,
Inc., San Diego, CA). A P value of 0.05 or less was taken to indicate significance.

Linear regression analysis data was derived from measurements from individual
animals. Analysis of global data for correlation was by multiple regression analysis,
again using the data from individual animals, with R, a common open-source statistical
computing package (URL: http://www.R-project.org). We applied an appropriate
Bonferroni correction to all of the data used for multiple comparisons in the constructed
statistical models.

Results
Characterization of ovalbumin sensitization model
To ensure that mice were sensitized to ovalbumin after the ip

sensitization protocol, we took blood samples from mice that had
been exposed to ovalbumin aerosol for 2 weeks and measured plasma

IgE concentration by ELISA. We found 0.048+0.005 ng/ml of IgE in
normal controls, and 0.140+0.02 ng/ml of IgE in sensitized mice.
Previously reported histological evaluations of exposed and control
mice (Kenyon et al., 2003a) demonstrated that we induced airway
inflammation, epithelial cell sloughing, and goblet cell hyperplasia in
the similarly exposed mice.

Balb/c mice were exposed to ovalbumin aerosol for 2 weeks (a total
of 6 exposures), and their inflammatory response was quantified as the
percentage of eosinophils, lymphocytes, or eosinophils+lymphocytes
in their lung lavage fluid. Matched air control mice contained 98-99%
alveolar macrophages in their lung lavage, with no detectable
eosinophils or lymphocytes. As shown in Fig. 1, there were significant
increases in eosinophil and lymphocyte content in the lungs of mice
after exposure to ovalbumin. The absolute number of macrophages
present in the lung lavage fluid from mice exposed to ovalbumin is
about the same as the number present in the air controls (Kenyon et al.,
2003b). The relative content of eosinophils and lymphocytes was
significantly higher in exposed mice than in controls (P<0.001).
Previous studies have shown persistence of inflammation, primarily
elevated numbers of lymphocytes, for at least 10 weeks of exposure in
this model (Kenyon and Last, 2005).

Exhaled NO and inflammation

We also examined whether there was an increase in the con-
centration of exhaled NO when we compared exposed mice with
matched controls exposed only to filtered air. There was significantly
higher exhaled NO in the exposed mice (Fig. 2). To ask whether there
was a relationship between exhaled NO and specific inflammatory
cells in the lung lavage, we built linear models to test for the effects of
lymphocytes or eosinophils on observed concentrations of expired NO
in the mice. Eosinophils had no significant effect, and were therefore
dropped from the model. The final model was:

[exhaled NOJ] =Intercept+Air/Ova+Experiment+Lymphocytes
+Experiment Lymphocyte.

This model was highly significant, having a P value of 0.000063,
assuming a normal distribution of the data. The P value for the specific
coefficient describing the effect of lymphocytes was 0.034 making the
same assumptions. These P values are probably underestimated (see
Discussion); any underestimation of the true P values would not change
our conclusions. This model allowed for a different slope and intercept
for each experiment, allowing us to control statistically for inter-
experimental variables introduced by using data pooled from multiple
individual experiments. The size of the effect varied greatly between
different experiments, but in all experiments with a significant effect,
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Fig. 2. Exhaled NO (ppb) from mice exposed to ovalbumin. *, significantly greater than
air controls (P<0.0001). The values shown on the graph are group mean concentration
of exhaled NO £ SE, with experimental group size, N, represented as a bracketed number
above the bar.
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Fig. 3. Dynamic lung compliance (Cdyn) and lung resistance (Rrs) of Balb/c mice after
bronchoprovocation testing with methacholine aerosol. *, significantly greater than air
controls (Rrs, P=0.0007; Cdyn, P<0.0001). The values shown on the graphs are the
group mean percentage decrease in Cdyn, or the group mean percentage increase in Rrs
from baseline values (without methacholine challenge)+SE at the highest concentra-
tion of methacholine tested, with experimental group size, N, represented as a
bracketed number above the bar.

the effect was positive. Thus, we conclude that there is a significant
statistical correlation between the number of lymphocytes in the lung
lavage fluid from mice exposed 6 times over 2 weeks to ovalbumin
aerosol and the concentration of exhaled NO in the breath of these mice.
We cannot draw any conclusions as yet about whether this is a direct or
an indirect effect since correlations do not establish causality, and
further experiments will be necessary to definitively assign the exact cell
source(s) of NO in the Balb/c mouse ovalbumin model.

Airway hyperreactivity

We also analyzed dynamic compliance and total resistance of the
respiratory system of Balb/c mice at baseline and after bronchopro-
vocation testing with methacholine aerosol, as shown in Fig. 3. Both
baseline compliance (compliance prior to methacholine challenge)
and lung compliance after challenge with the highest dose of
methacholine used (2 mg/ml) were determined. Significant differ-
ences were observed in the mice exposed to ovalbumin, where both
lung compliance (Fig. 3a) and airway reactivity (Fig. 3b) values after
methacholine challenge, expressed as a percentage change from the
baseline values, were significantly increased as compared with the
corresponding values in mice exposed to filtered air.

Arginase I expression in airways of Balb/c mice exposed to ovalbumin

Expression of arginase I in isolated airways was quantified by
western blot analysis. Arginase I protein content in the airways was

relatively low in lungs from air control mice, but was significantly
upregulated in lungs from mice exposed to ovalbumin (Fig. 4). Actual
amounts of arginase I as estimated by densitometry were about 8-fold
higher in the mice exposed to ovalbumin (P<0.001).

Statistical analysis of interactions between the various responses
we measured in mice exposed to ovalbumin was potentially
confounded by the interrelationships between lung inflammation
and these responses. Thus, we constructed a model containing all of
the measured responses and examined each of the possible interac-
tions individually. To ask whether there was a relationship between
expression of arginase I and lung compliance, we built a linear model
to estimate arginase 1 based on lung compliance. The final model was:

Argl=Intercept+Lung Compliance.

From this model, we conclude that increased baseline dynamic
lung compliance is associated with decreased levels of arginase 1
(P=0.0000883), with a highly significant correlation between in-
creased NO production and increased lung compliance.

Arginase II expression in airways from BALB/c mice exposed
to ovalbumin

We used western blot analysis to determine the amount of arginase
Il in isolated airways from control mice and from mice exposed to
ovalbumin aerosol over a 2 week period (6 total exposures). Arginase Il
expression in the airways was significantly increased in mice exposed
to ovalbumin aerosol as compared with the mice breathing only
filtered air (Fig. 5). In these experiments, the relative increase in airway
arginase Il content in the mice exposed to ovalbumin was about 70%, as
contrasted with arginase I, which was increased about 8-fold. Our
results are consistent with expression of arginase II in both the distal
and peripheral lung, including the conducting airways. We did not
have enough data for arginase II levels and lung compliance in the
same animals in this study to perform a statistical analysis for
correlation comparable to the analysis performed with arginase 1.

Relationship between airway content of arginases I and Il and the
concentration of exhaled NO

We examined whether there was any relationship between
exhaled NO concentration and the amount of each of the arginase

Arginase | Band Intensity
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Air Air+nor-NOHA 2 week OVA
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2 week OVA+nor-NOHA

Fig. 4. Arginase I content of isolated airways from Balb/c mice exposed for 0 or 2 weeks
to ovalbumin aerosol, +/- nor-NOHA. *, significantly greater than air control (P<0.001);
** significantly greater than air + nor-NOHA control (P<0.001). Values shown on the
graph are group mean intensity + SE, with experimental group size, N, represented as a
bracketed number above the bar.
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isoforms present. There appeared to be no correlation between ex-
haled NO concentration and either arginase I or arginase Il content in
the isolated airways from the Balb/c strain, as evaluated by linear
regression analysis.

Arginine content of isolated airways

We first measured the concentration of arginine in our prepara-
tions of isolated, microdissected airways using a centralized facility
doing amino acid analysis by standard techniques (Beckman 6300
analyzer: ion-exchange chromatography to separate amino acids
followed by a "post-column” ninhydrin reaction). We found an
average concentration of about 13 uM arginine in normal airways
from the Balb/c mouse lung, with a significant decrease (from 3.6 +£0.1
to 1.7£0.1 nmol of arginine per mg of soluble protein) in the isolated
airways from mice exposed a total of 6 times over 2 weeks to
ovalbumin (Fig. 6). The content of citrulline in isolated airways was
beneath the limits of detection in the air controls using this method.

To further explore the metabolic pathways involving arginine in
isolated airways from mice exposed to ovalbumin, we used reversed-
phase HPLC to analyze arginine and its metabolites (after derivatiza-
tion with PITC) in tissue samples. We were able to confirm the
significant decrease (P=0.0004) in arginine concentration in the
isolated airways from mice exposed to ovalbumin aerosol (Fig. 7). In
addition, we were able to determine the concentration of citrulline in
these tissues. There was a significant decrease (about 71%, P<0.0001)
in citrulline concentration in the airways of mice exposed to
ovalbumin aerosol (Fig. 7). We also found decreased concentrations
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Fig. 6. Arginine content of isolated, microdissected airways from mice exposed to
ovalbumin, as determined by ion-exchange chromatography followed by detection with
ninhydrin. *, significantly less than air control (P<0.01). Values shown on the graph are
group mean concentrations (nmol/mg total protein)+SE, with experimental group size,
N, represented as a bracketed number above the bar.
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Fig. 7. Arginine and citrulline content of isolated, microdissected airways from mice
exposed to ovalbumin, as determined by HPLC after pre-column derivatization with o-
phthaldialdehyde. *, significantly less than air control (arginine, P=0.0004; citrulline,
P<0.0001). Values shown on the graph are group mean concentrations (nmol/mg
total protein)+SE, with experimental group size, N, represented as a bracketed number
above the bar.

of ornithine, putrescine, and agmatine in the airway preparations
from these mice. On the other hand, we found increased concentra-
tions of proline, cadaverine, and spermine, all end products of the
arginase pathway, in these airways, suggesting that arginase activity
was stimulated in the airways of these mice.

Effects of treatment of mice with an arginase inhibitor

We treated mice systemically with N(omega)-hydroxy-nor-L-argi-
nine (nor-NOHA), a competitive inhibitor of both arginase isoforms
(Ki~0.5 uM). Our working hypothesis was that inhibition of arginase
with nor-NOHA would decrease the metabolism of arginine to ornithine
and urea which, in turn, would shunt more arginine into the NOS
pathway for metabolism to NO and citrulline. Direct experimental
evidence that this was indeed the case was obtained by measurement of
the nitrite+nitrate content of the supernatant solution obtained from
lung lavage of the animals. Mice exposed to ovalbumin and treated with
nor-NOHA had significantly (P=0.0128) higher concentrations of NOx in
their lung lavage supernatants than matched mice that had not received
the inhibitor (Fig. 8). There was also an apparent trend (not statistically
significant) towards increased NOX concentration in the blood plasma of
mice treated with nor-NOHA. Arginase levels in isolated airways, as
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Fig. 8. Nitrate/nitrite (NOx) content of lung lavage supernatant from mice exposed to
ovalbumin with or without treatment with the arginase inhibitor, nor-NOHA (100 pg/
mouse, about 5 mg/kg, administered ip in a total volume of 100 uL 30 min before
each ovalbumin aerosol challenge commenced, a total of 6 injections over 2 weeks).
*, significantly greater than OVA alone, P=0.0128. Values shown on the graph are group
mean concentrations (uM)+SE, with experimental group size, N, represented as a
bracketed number above the bar.
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determined by western blot analysis, were not affected by systemic
treatment with nor-NOHA (see Fig. 4). Amino acid analysis of the
isolated airways showed apparent trends towards decreases in the
concentrations of arginine and citrulline (not statistically significant) in
the control mice given nor-NOHA that breathed only filtered air, while
ornithine concentrations were the same in both groups. In the mice
exposed to ovalbumin and nor-NOHA, as compared to mice exposed
only to ovalbumin, we observed trends towards apparent decreases in
the concentrations of arginine, ornithine, and ADMA with comparable
amounts of citrulline in the airways.

Discussion

The response of mice to ovalbumin exposure in the experiments
reported herein was consistent with our previously reported results in
the Balb/c strain (Kenyon et al., 2003a). We observed a characteristic
cellular inflammatory response in the lung lavage analysis, where
eosinophils predominated at 2 weeks of exposure, constituting about
40-50% of the total cells recovered. Exhaled NO concentration was
significantly higher in the mice exposed to ovalbumin than in the
matched controls breathing only filtered air.

However, the only significant correlation we found between
specific inflammatory cells and exhaled NO concentrations was with
the lymphocytes. Mice exposed to ovalbumin also had greater de-
creases in dynamic lung compliance and increases in total lung
resistance after methacholine challenge than the air controls.

We observed very faint bands corresponding to barely detectable
arginase I expression, but found detectable levels of arginase II, by
western blot analysis of whole lungs of normal, unexposed mice. Is this
reasonable? We can answer this question by reference to findings by
gene array analysis of lungs from mice. Arginase Il mRNA is expressed
constitutively in the lungs of normal Balb/c mice, while arginase I
mRNA is beneath the limits of detection (Zimmermann et al., 2003),
which is consistent with our observations by western blot analysis.

Based upon the existing literature, which is predominantly based
upon gene expression (MRNA) analyses, we initially hypothesized that
under conditions of increased NO production (e.g. ovalbumin
exposure) we would observe increased amounts of arginase, espe-
cially of the isoform I, in the lung. Our results strongly implicate the
presence of inflammatory leukocytes, especially eosinophils and
lymphocytes, and pulmonary macrophages as major sources, directly
or indirectly, of arginase I in the lungs of mice exposed to ovalbumin.
We cannot, however, rule out eosinophils and/or macrophages as
significant sources of arginase I in these experiments. The apparent
statistical correlation between arginase I expression and lymphocytes,
but not eosinophils, may reflect the relatively greater variability
among individual mice in lymphocyte content at the 2-week time
point (Fig. 1), thereby giving the regression model a wider range of
values to work with. Arginase I expression in macrophages is known
to be regulated by Th2 cytokines such as IL-4 and IL-13 (Pauleau et al.,
2004). Thus, it is likely that alveolar macrophages contribute to the
observed levels of arginase I in the lungs of mice exposed to
ovalbumin in our experiments. These results suggest that the relative
contribution of the airway epithelium to producing arginase I in our
model is minimal. On the other hand, the large airways would appear
to be a significant source of the arginase Il we observe in the lungs of
mice in our experiments, suggesting a relatively minor role, if any, for
inflammatory cells as sources of arginase II in our model. The
occurrence of arginase II constitutively in airway epithelial cells is
reasonable if we consider another important role for arginase in the
cell, catalysis of the synthesis of proline and glutamate, which play an
important role in protein biosynthesis. Since we know that there is
airway epithelial cell hyperplasia and proliferation in the ovalbumin
model, it is reasonable to assume that there is an obligatory need for
baseline levels of arginase in the airway epithelium (Li et al., 2001;
2004) and that this role is played by arginase II in the mouse.

Arginase I is a cytosolic enzyme, while arginase II is located in the
mitochondria (Grody et al., 1987; Li et al., 2001; Levillain et al., 2005).
It is thought that arginase I is mainly responsible for detoxification of
ammonia as urea via the urea cycle (at least in the liver); it has also
been suggested to play a major role in the synthesis of polyamines
such as spermidine and putrescine due to its cytosolic location (Li
et al.,, 2001). Arginase Il is thought to be mainly involved in synthesis
of proline and glutamate via ornithine (Grody et al., 1987; Li et al.,
2001). It thus appears to be reasonable that the arginase isoform
responsible for biosynthesis of amino acids necessary for protein
biosynthesis is expressed constitutively in the lung. We observed a
statistically significant correlation between decreased lung compli-
ance and increased content of arginase I in isolated airways, consistent
with a relationship between increased airway NO production and
increased lung compliance. We should note that the overall statistical
model used to examine correlations between the various measure-
ments that we used in this study was broken down into subsets of data
to examine individual interactions, raising the issue of how best to
correct the resulting P values for multiple comparisons. We tested a
total of fewer than 15 models in the analysis of this data. Since terms
within a model are only analyzed if the model itself is significant, we
do not need to correct for every term within every model. Therefore, to
make a Bonferroni correction, we conservatively multiplied model P
values by 15. For the lymphocyte x exhaled NO model, the P values are
underestimated. Examination of Q-Q Plots of the residuals indicated
that the residuals had slightly heavier tails than the normal
distribution. This would cause us to underestimate the true P value,
and, as such, we should not claim that the baseline effect of lym-
phocytes is significantly different from zero. It is different from zero
for several of the experiments, and the effect is significant overall. To
follow the dichotomy of Nassim Taleb in Black Swan (2007), we are in
Mediocristan, where distributions are still well behaved, as opposed to
Extremistan, where analysis based on normal assumptions breaks
down. Surprisingly, the residuals from the lung compliance x arginase
[ model appear to be normal.

The concentration of arginine within the cells of the large airways
and within inflammatory leukocytes is an important determinant of
the selective role of arginase versus nitric oxide synthase in its
metabolism. The intracellular concentration of L-arginine in endothe-
lial cells is thought to be 0.1-1 mM (Ogonowski et al., 2000), but this
value is probably critically dependent on the arginine content of the
medium in which these cells are cultured or isolated. Circulating levels
of arginine in plasma from normal human subjects have been reported
as about 94 uM, while the corresponding value in asthmatic subjects
was 45 uM (Morris et al., 2004). The corresponding value in rat plasma
is 83 uM arginine (Kitiyakara et al., 2001), and in mouse plasma is
90 uM (Mattson, 1998). There is no a priori reason to assume that
plasma levels can be equated with intracellular concentrations, as
arginine is actively transported into cells against a concentration gra-
dient and there is strong evidence that different intracellular com-
partments exist with respect to arginine concentration (McDonald
et al,, 1997). Our direct measurements of arginine concentration in
tissue homogenates prepared from isolated, microdissected airways
gave apparent values of about 13 uM arginine from mice exposed to
saline aerosols and about 6 uM in mice exposed to ovalbumin aerosol
for 2 weeks. In preliminary experiments we have performed at other
time points, we see a smaller decrease in airway arginine concen-
tration after 1 week of ovalbumin exposure, suggesting a progres-
sive decrease over time, and a restoration of normal concentrations
of airway arginine at 4 weeks of exposure. Thus, the decreases we
observe in airway arginine content coincide with the period of
maximal eosinophilic inflammation (Kenyon et al., 2003a), and
recovery of normal airway arginine concentration occurs during a
period of decreased overall inflammation, with a shift to a more
lymphocytic identity. However, there are limitations to this experi-
mental approach that are worth noting here. We are sampling a
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dynamic metabolic system in vivo at an arbitrary time point, and there
is good reason to assume that the lung maintains homeostasis with
exogenous arginine from the blood. Thus, metabolic flux of amino acids
and polyamines may be tightly regulated via multiple metabolic
pathways and not demonstrate a simple pattern of precursor and
product concentration consistent with what we would observe with
purified enzymes and substrates in the test tube.

Since the microdissected airways are homogenized in saline solution,
the concentrations we observe are lower than the actual concentrations
in vivo (we would estimate that they are of the order of 10% of the true
values we would observe in undiluted airways). In this context we
should note that plasma arginine values (mouse and human) that we
determine with the same HPLC methodology (but without dilution of
samples prior to analysis) are consistent with the reported values in the
literature. Thus, the absolute values we report in Figs. 6 and 7 can't be
directly related to intracellular concentrations in vivo; however, the
relative changes are almost certainly an accurate reflection of what is
actually occurring in the airways in vivo. The apparent correlation
between the decrease in concentration of arginine we report in the
airways of mice exposed to ovalbumin, about 53% (Fig. 6), and the
decrease of 52% in the concentration of circulating arginine in the blood
of asthmatic patients reported by Morris et al. (2004) is worthy of note.

Treatment of mice systemically with an arginase inhibitor, nor-
NOHA, significantly increased the amount of NO produced, measured
as the amount of nitrite+nitrate (NOx) in lung lavage supernatant
prepared from mice exposed to ovalbumin. Our results in these
experiments, especially the increased production of NO and the trends
observed in amino acid concentrations were consistent with inhibition
of lung arginase by nor-NOHA, with shunting of arginine into increased
metabolism by NOS enzymes. Further studies will be required to
determine how the balance of metabolism of arginine is regulated in
airway cells, and which of these metabolic pathways are critical in
arginine metabolism in the mouse ovalbumin model, especially in light
of the known complexity of the pathways for arginine metabolism in
mammalian cells, which include not only metabolism by the both the
arginase and the NOS pathways, but also resynthesis of arginine from
ornithine and/or citrulline via argininosuccinate.

Our results are consistent with the hypothesis that the lung responds
to ovalbumin challenge with an adaptive response of the large airways
that includes regulation of the concentration of arginine within cells of
the airway epithelium and subepithelial layer. Our findings are con-
sistent and reproducible at 2 weeks of exposure to ovalbumin aerosol
(6 total exposures), a time point at which eosinophilic inflammation is
maximal in this model (Kenyon et al., 2003a), and therefore probably
corresponds to an episode of exacerbation of asthma in human disease.
Preliminary experiments at other time points suggest that restoration of
the normal airway concentration of arginine occurs in parallel with
changes in the inflammatory cell population occurring in this model in
mice exposed for longer times to ovalbumin aerosol.
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