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constricted lung parenchymal strips from hyperoxic pups 

exhibited significantly reduced relaxation compared to 

room air controls. Supplementation of  L -arginine or arginase 

blockade restored hyperoxia-induced impairment of relax-

ation. Expression of arginase I in airway epithelium was in-

creased in response to hyperoxia but reduced by arginase 

blockade. Arginase activity was also significantly increased 

in hyperoxic lungs as compared to room air controls and re-

duced following arginase blockade. EFS-induced produc-

tion of NO was decreased in hyperoxia-exposed airway 

smooth muscle and restored by arginase blockade.  Con-
clusion:  These data suggest that NO-cGMP signaling is dis-

rupted in neonatal rat pups exposed to even moderate hy-

peroxia due to increased arginase activity and consequent 

decreased bioavailability of the substrate  L -arginine. We 

speculate that supplementation of arginine and/or inhibi-

tion of arginase may be a useful therapeutic tool to prevent 

or treat neonatal lung injury.  Copyright © 2011 S. Karger AG, Basel 
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 Abstract 
  Background:  Prolonged exposure of immature lungs to hy-

peroxia contributes to neonatal lung injury and airway hy-

perreactivity. We have previously demonstrated that neona-

tal exposure of rat pups to  6 95% O 2  impairs airway relax-

ation due to disruption of nitric oxide (NO)-cyclic guanosine 

monophosphate (cGMP) signaling.  Objective:  We now hy-

pothesize that these impaired relaxation responses are sec-

ondary to hyperoxia-induced upregulation of arginase, 

which competes with NO synthase for  L -arginine.  Methods:  
Rat pups were exposed to moderate neonatal hyperoxia 

(50% O 2 ) or room air for 7 days from birth. In additional hy-

peroxic and room air groups, exogenous  L -arginine (300 mg/

kg/day i.p.) or arginase inhibitor (N  �  -hydroxy-nor-arginine, 

30 mg/kg/day i.p.) were administered daily. After 7 days, an-

imals were anesthetized and sacrificed either for preparation 

of lung parenchymal strips or lung perfusion.  Results:  In re-

sponse to electrical field stimulation (EFS), bethanechol-pre-
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 Introduction 

 Bronchopulmonary dysplasia (BPD) is a substantial 
clinical problem in the preterm survivors of neonatal in-
tensive care  [1] . It is widely accepted that exposure to sup-
plemental O 2  contributes to neonatal lung injury. A con-
sistent observation is that former preterm infants are at 
increased risk for reduced airway function and/or in-
creased airway reactivity during childhood. The severity 
of this complication increases in preterm infants with a 
history of BPD  [2, 3] . While BPD is likely multifactorial 
in origin, several studies, including our own, have fo-
cused on the effect of neonatal hyperoxia on airway struc-
ture and function  [4–7] . Under both in vitro and in vivo 
conditions, increased constrictor responses of tracheal 
tissue and increased lung resistance have been demon-
strated in rat pups exposed to  6 95% O 2   [4–6] , consistent 
with the clinical course of survivors of BPD. BPD is as-
sociated with pathophysiologic changes in the lung pa-
renchyma, likely implicating peripheral airway struc-
tures  [1]  and providing a rationale for the use of lung pa-
renchymal strips to assess distal airway contractile and 
relaxant properties. Increased contractile responses are 
associated with decreased airway and lung tissue relaxant 
responses, suggesting that the balance of contraction ver-
sus relaxation of airway structures is shifted in response 
to  6 95% O 2  exposure  [8–10] . The hyperoxia-induced 
contractile response was not observed when epithelium 
was removed from airways, suggesting a critical role of 
epithelium in hyperoxia-induced injury  [10] . 

  A major component of bronchodilation is nitric oxide 
(NO) derived from multiple sources including the epithe-
lium and nonadrenergic noncholinergic innervations 
 [11] . Impaired bronchodilation may reflect alterations in 
NO production or its subsequent effects on the airway. 
Inhalation of exogenous NO has been shown to restore 
distal lung growth in infant rats after neonatal hyperoxia 
 [12] . In this regard, it is well established that the substrate 
for NO,  L -arginine, can be metabolized by two major en-
zymes, NO synthase (NOS) and arginase, the latter of 
which is part of the urea cycle  [13] . Thus, changes in the 
relative expression or activity of arginase versus NOS 
may alter the bioavailability of  L -arginine for these en-
zymes and determine NO production. Hyperoxic expo-
sure has been shown to increase arginase activity in the 
lung  [14] . We have previously demonstrated that  6 95% 
O 2  exposure of rat pups increases lung arginase activity; 
in turn, arginase competes with NOS for their common 
substrate  L -arginine and decreases the bioavailability of 
 L -arginine. This may disrupt NO-cyclic guanosine mo-

nophosphate (cGMP) signaling and result in impaired 
airway relaxation  [8] . These studies are consistent with a 
modulatory effect of NO on airway smooth muscle relax-
ation that is lost after hyperoxic exposure  [5, 6, 15] . Prior 
data in a guinea pig model demonstrated that the expres-
sion of arginase was closely associated with airway NO 
depletion  [16] . Decreased arginine bioavailability has 
been shown to be associated with increased arginase ac-
tivity in asthma  [17, 18] , and blockade of arginase has 
been demonstrated to inhibit experimental asthma in an-
imal models  [19–21] . These studies encouraged us to ex-
plore the possibility that in vivo  L -arginine supplementa-
tion or in vivo arginase blockade would protect neonatal 
lungs from hyperoxia-induced hyperreactivity.

  In the clinical setting, prolonged exposure of neonates 
to moderate (e.g. 50%) O 2  is a common occurrence, in 
contrast to  6 95% O 2  exposure, which is uncommon for 
an extended period. Moderate elevation of inspired oxy-
gen in rat pups induces a BPD-like lung morphology and 
hyperresponsiveness of tracheal rings and pulmonary ar-
teries  [4] . However, in these studies the relaxant proper-
ties of lung or airway structures were not investigated. 
Therefore, we sought to determine the effects of moderate 
hyperoxic exposure (50% O 2 ) on lung parenchymal relax-
ant responses, arginase expression and resultant NO pro-
duction. We subsequently sought to restore the relaxant 
responses of lung parenchyma by supplementing rat pups 
with  L -arginine in vivo and providing in vivo blockade of 
arginase to restore the relaxant responses of lung paren-
chyma.

  Materials and Methods 

 Animals and Lung Parenchymal Strip Preparation 
 Experiments were performed in 7-day-old rat pups (Sprague-

Dawley) employing protocols approved by the Institutional Ani-
mal Care and Use Committee of Case Western Reserve Univer-
sity, Cleveland, Ohio, USA. From the first day of life, the rat pups 
were exposed to hyperoxia (50% O 2 ) or room air for a period of 7 
days. Rat pups from two different litters were randomly mixed 
and assigned to hyperoxic or room air groups on day 1. Hyper-
oxic groups were housed with their mothers in a Plexiglas cham-
ber (38 liters) and exposed to a continuous flow of 50% O 2  (2 liters/
min) for 7 days. Mothers were rotated each day between room air 
and hyperoxic groups to protect them from a constant hyperoxic 
exposure. In additional groups of room air- or hyperoxia-exposed 
pups, subsets from each group were injected intraperitoneally 
each day with either normal saline,  L -arginine (300 mg/kg) or 
N  �  -hydroxy-nor-arginine (nor-NOHA; 30 mg/kg) for arginase 
blockade. After 7 days, the animals were euthanized by asphyxi-
ation using CO 2 . We chose a daily  L -arginine dose of 300 mg/kg 
for 7 days in order to maintain an optimal level of substrate for 
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NOS. This dose has been used previously by other investigators in 
different animal studies  [22, 23]  and no toxicity has been report-
ed. Similarly, to maintain a steady plasma level of nor-NOHA, we 
used 30 mg/kg/day for 7 days to block arginase activity. This dose 
was selected based on other rodent studies  [24, 25] .

  Physiological Studies 
 Lung parenchymal strips of 1-mm thickness were obtained by 

sectioning the left lung in a parasagittal plane using a vibratome. 
Strips were anchored in a tissue bath and connected to a force dis-
placement transducer (FT 03C; Grass Instruments Co.). The tissue 
bath was filled with Krebs-Henseleit solution maintained at 37   °   C 
and continuously oxygenated with a gas mixer (95% O 2  and 5% 
CO 2 )  [8, 9] . An initial load of 0.2 g was used. The suspended lung 
parenchymal strips were rinsed every 20 min with Krebs-Henseleit 
solution and allowed to equilibrate for 60 min to establish a steady 
baseline. Lung parenchymal strip tension was recorded by Power 
Lab/4SP using Chart 5.0 Software (AD Instruments). A cumula-
tive concentration-response curve was obtained to find an optimal 
concentration of bethanechol (10 –4   M ) that elicited 50–75% of the 
maximal contractile response in lung parenchymal strips. Electri-
cal field stimulation (EFS) was applied through platinum wire 
electrodes to preconstricted lung parenchymal strips at various 
voltages (5–50 V AC at 60 Hz) for 10 s at 2-min intervals to induce 
relaxation. The relaxation of strips in response to EFS was ex-
pressed as a percentage of the total preconstricted state for each 
strip as previously described by our group  [8, 9] .

  Immunostaining and Histology 
 After 7 days of exposure to hyperoxia or room air, animals 

were anesthetized using a ketamine-xylazine cocktail and per-
fused through the right ventricle with phosphate-buffered saline 
(PBS; pH 7.4) containing 10 U/ml heparin followed by 4% para-
formaldehyde in PBS (pH 7.4). The airways of lungs were inflated 
with 4% paraformaldehyde at 12 cm H 2 O, tied and removed for 
24-hour postfixation. Lungs were then cryoprotected in 30% su-
crose in PBS, and 10- � m coronal sections were cut. The sections 
were washed in PBS and incubated for 30 min in PBS containing 
0.3% Triton X-100. To block nonspecific binding sites, the sections 
were incubated for 1 h with 5% normal goat serum for arginase I 
and  � -smooth muscle actin and 5% normal donkey serum for ar-
ginase II. After a further wash with PBS, the sections were incu-
bated overnight at 4   °   C in mouse anti-arginase I (1:   200; BD Trans-
duction Laboratory), mouse anti- � -smooth muscle actin (Sigma 
Chemical Co.) or rabbit anti-arginase II antibodies (Santa Cruz 
Biotechnology). The sections were washed in PBS-Triton X-100 
and incubated with secondary antibody (1:   200; goat anti-mouse-
FITC for arginase I and  � -smooth muscle actin or donkey anti-
rabbit-RITC for arginase II). Airways were identified by immu-
nostaining with anti-tubulin IV antibody, which detects ciliated 
airway epithelial cells. Airway smooth muscle was stained with 
 � -smooth muscle actin. Sections were mounted using antifade 
mounting medium and examined under a fluorescent micro-
scope. Hematoxylin and eosin staining and  � -smooth muscle ac-
tin immunostaining were performed on 4- � m-thick adjacent 
paraffin sections.

  Arginase Assay 
 Lungs of rat pups were removed and snap frozen in liquid ni-

trogen. Arginase activity in lung tissue was measured by the 

method of Jenkinson and Grigor  [26]  as described in our previous 
publications  [8, 9] . In brief, an arginase assay was performed in 
lung homogenates in the presence of  L -arginine, and urea as the 
end product was measured using a urea standard curve. Baseline 
urea concentration in each sample was also measured in samples 
without  L -arginine. The protein content of tissue samples was 
measured, and arginase activity was expressed as nanomoles of 
urea per minute per milligram of protein.

  In situ Measurement of NO Production in Airway
Smooth Muscle 
 NO production in airway smooth muscle was measured using 

the NO-sensitive fluorescent dye 4,5-diaminofluorescein diace-
tate (DAF-2DA; Invitrogen) as described previously  [27] . Briefly, 
lung strips (100  � m) were incubated with 10  �  M  DAF-2DA at 
37   °   C for 45 min and then thoroughly rinsed. Using a Nikon Dia-
phot microscope ( ! 40/1.3 numerical aperture oil immersion lens, 
12-bit cooled CCD camera, MetaFluor Software; Universal Imag-
ing, Downington, Pa., USA), airways within DAF-2DA-loaded 
strips were identified by bright-field imaging and the smooth 
muscle layer was delineated. The DAF-2DA was then visualized 
(488 nm excitation, 515 nm emission) within the airway smooth 
muscle as an index of baseline NO levels. Graded incremental EFS 
(2–50 V) was applied to the lung strips (as described above). Fol-
lowing the final EFS protocol, DAF-2DA fluorescence intensity 
was re-evaluated by epifluorescence microscopy. The net NO pro-
duced due to EFS was estimated as the difference from baseline 
(arbitrary units) and is presented as the mean  8  SEM (n = 3). In 
a recent study  [27] , we calibrated DAF-2DA fluorescence to esti-
mate actual NO levels and found that amplitudes similar to those 
reported here correspond to 10–50 n M  NO, which is within the 
physiological range.

  Statistical Analysis 
 The results are expressed as means  8  SEM. Statistical signif-

icance was determined by two-way ANOVA with repeated mea-
surements to determine the effect of EFS on relaxation responses 
between hyperoxic versus room air groups. To analyze differenc-
es between individual voltages, post hoc comparison using the 
Tukey-Kramer multiple comparison test was performed. For ar-
ginase activity, one-way ANOVA followed by post hoc compari-
son using the Tukey test was performed. p  !  0.05 was considered 
statistically significant.

  Results 

 Effect of in vivo  L -Arginine Supplementation on 
Relaxation of Lung Parenchymal Strips 
 As shown in  figure 1 , greater relaxation was observed 

in lung parenchymal strips from room air (n = 18) versus 
hyperoxic (n = 12) pups (p  !  0.01). There was a signifi-
cantly greater impairment of relaxation with EFS of 45 
and 50 V (both p  !  0.01) in hyperoxic versus room air 
rat pups. The changes at 5–40 V were not significantly 
different. In vivo  L -arginine supplementation to hyper-
oxic pups (n = 12) restored the impaired relaxation of 
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  Fig. 1.  Effect of in vivo  L -arginine supplementation on relaxation 
of lung parenchymal strips. Impaired relaxation of lung paren-
chymal strips in response to EFS was observed in rat pups exposed 
to moderate hyperoxia for 7 days when compared to room air con-
trols (p  !  0.01). There was significantly impaired relaxation with 
EFS of 45 and 50 V (both p  !  0.01) in hyperoxic versus room air 
rat pups. In vivo supplementation of  L -arginine (300 mg/kg/day) 
for 7 days restored the impairment of relaxation in hyperoxic pups 
to the room air level. RA = Room air. 

  Fig. 2.  Effect of in vivo blockade of arginase on relaxation of lung 
parenchyma. In vivo administration of the arginase inhibitor nor-
NOHA (30 mg/kg/day for 7 days) not only restored the impaired 
relaxation of hyperoxia-exposed lung strips but enhanced relax-
ation above room air control values (at 45 and 50 V; p  !  0.01). The 
administration of nor-NOHA did not have any effect on room air 
animals. RA = Room air. 

  Fig. 3.  Effect of supplementation of  L -argi-
nine and nor-NOHA on arginase I expres-
sion in the lung (immunostaining). The 
arginase I isoform was expressed in the 
airway epithelial layer of room air-ex-
posed animals. Hyperoxic exposure in-
creased the expression of arginase I in the 
airway epithelial layer.  L -Arginine supple-
mentation of hyperoxia-exposed pups re-
stored arginase I expression to that of 
room air controls. The administration of 
nor-NOHA to hyperoxic animals reduced 
arginase expression below that of room air 
controls. Bar = 75  � m.   
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lung strips to their room air level ( fig. 1 ). This effect of 
 L -arginine was significant at 45 and 50 V (both p  !  0.01) 
when arginine-supplemented hyperoxic pups were com-
pared to pups exposed to hyperoxia alone. In room air 
animals,  L -arginine supplementation in vivo (n = 6) did 
not change the relaxation responses to EFS in precon-
stricted strips from room air-exposed controls.  D -Argi-
nine, a metabolically inactive isoform of  L -arginine, also 
did not induce any significant changes when given to 
room air pups (data not shown).

  Effect of in vivo Blockade of Arginase on Relaxation of 
Lung Parenchymal Strips 
 Arginase blockade using nor-NOHA was used to de-

termine whether this may enhance the availability of  L -
arginine for NOS thus resulting in improved EFS-in-
duced relaxation responses of hyperoxia-exposed lungs. 
As noted above, hyperoxia impaired relaxation in pre-
constricted strips when compared to room air controls. 
EFS-induced relaxation was significantly increased in 
hyperoxia-exposed pups after arginase blockade when 
compared to pups exposed to hyperoxia alone (n = 10;
p  !  0.01). The nor-NOHA administration in vivo not only 
restored the impaired relaxation of hyperoxia-exposed 
lung strips to the room air level but actually enhanced 
relaxation above that of room air controls, which was sig-
nificant at 45 and 50 V (both p  !  0. 01;  fig. 2 ). When nor-
NOHA was administered to room air animals (n = 6), it 
had no significant effect on the EFS-induced relaxation 
of lung strips ( fig. 2 ).

  Effect of Supplementation of  L -Arginine or 
Administration of nor-NOHA on Lung Arginase 
Expression and Histology 
 The arginase I isoform was found to be expressed in 

the airway epithelial layer of room air-exposed animals 
via immunostaining. Moderate hyperoxic exposure in-
creased the expression of arginase I in the epithelial lin-
ing of airways. Representative data from 1 of 5 pups are 
shown in  figure 3 .  L -Arginine supplementation of hyper-
oxia-exposed pups restored the expression of arginase I 
in airway epithelial cells to the room air level. Interest-
ingly, the expression of epithelial arginase I was reduced 
below the room air level in nor-NOHA-treated hyperox-
ia-exposed animals. The arginase II isoform was not ex-
pressed in airways but showed generalized expression in 
parenchymal tissue including the endothelial lining of 
blood vessels ( fig. 4 ). Hyperoxic exposure also increased 
the expression of arginase II in blood vessels, which was 
restored to the room air level by the in vivo supplementa-

tion of  L -arginine or by in vivo blockade of arginase by 
nor-NOHA. Moderate hyperoxia did not produce any 
measurable structural changes in airways and lung pa-
renchyma. This is demonstrated in  figure 5 , which is rep-
resentative of the histologic data collected in 5 pups. Fur-
thermore, supplementation of  L -arginine or administra-
tion of nor-NOHA to hyperoxic pups also did not produce 
any observable changes in airway and lung architecture 
( fig. 5 ).

  Effect of Supplementation of  L -Arginine and
nor-NOHA on Arginase Activity of Lung 
 We sought to determine whether increased arginase 

expression in airway epithelial cells was associated with 
increased arginase activity in whole lung of hyperoxia-
exposed pups. Arginase activity was measured in whole-
lung homogenates (n = 5 per group). Moderate hyperoxic 
exposure caused an overall increase in arginase activity 
in hyperoxic lungs as compared to room air-exposed 
lungs (p  !  0.05;  fig. 6 ). Supplementation of  L -arginine to 
hyperoxic animals did not significantly change arginase 
activity when compared to hyperoxia alone. Administra-
tion of nor-NOHA to hyperoxic animals decreased lung 
arginase activity; however, the values remained higher 
than room air levels.

  Effect of Supplementation of  L -Arginine and
nor-NOHA on NO Production in the Airway
Smooth Muscle Layer 
 NO production in response to EFS (n = 3 per group) 

was reduced in the airway smooth muscle layer of lung 
strips obtained from hyperoxic animals (p  !  0.05). Sup-
plementation of  L -arginine and arginase blockade had no 
effect on NO production in airway smooth muscle of 
room air-exposed animals. However, in hyperoxic ani-
mals  L -arginine supplementation partially restored NO 
production, and arginase blockade completely restored 
NO production in airway smooth muscle (p  !  0.05;  fig. 7 ). 

 Discussion 

 BPD is a substantial clinical problem in the preterm 
survivors of neonatal intensive care  [1] , and increased air-
way reactivity is a well-recognized complication in this 
high-risk population  [3] . The pathophysiology of BPD 
comprises a combination of factors including inflamma-
tory injury, mechanical ventilation and a high concentra-
tion of inspired oxygen superimposed on an immature 
lung. Commonly,  6 95% O 2  exposure has been used in 
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experimental animals to produce a BPD-like develop-
mental model  [8–10] . However, in the clinical setting, 
sustained exposure frequently involves a lower concen-
tration of oxygen (e.g. 40–60%), which has also been 
shown to induce hyperresponsiveness and airway in-
flammation in a rat model  [28] . Accordingly, in this study, 
we used a more clinically relevant concentration of 50% 
O 2 . We hypothesized that 50% O 2  exposure to immature 
lungs would impair airway smooth muscle relaxant re-

sponses, contributing to the increased airway reactivity 
that is a consequence of neonatal lung injury.

  Our results demonstrate that 7-day exposure of new-
born rat pups to 50% oxygen did not produce any mea-
surable structural changes in airways or in lung paren-
chyma; however, it did cause a significant impairment
of EFS-induced relaxation of preconstricted lung strips. 
These data are consistent with our previous studies using 
 6 95% O 2 ; in those studies, we demonstrated that expo-

50% O2 +

L-arginine

50% O2 

50% O2 +

nor-NOHA

Room air

Arginase �-Tubulin

  Fig. 4.  Effect of supplementation of  L -argi-
nine and nor-NOHA on arginase II ex-
pression in the lung (immunostaining). 
The   arginase II isoform was not expressed 
in the airway epithelial layer of room air- 
or hyperoxia-exposed animals. It was ex-
pressed in the endothelial lining of blood 
vessels (arrows), and its expression was in-
creased by hyperoxic exposure. Both  L -ar-
ginine supplementation and administra-
tion of nor-NOHA to hyperoxia-exposed 
pups reduced arginase II expression.  � -Tu-
bulin IV is expressed in ciliated cells of air-
way epithelium and was used to identify 
airway structures. A = Airway; B = blood 
vessel. Bar = 75  � m.   
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sure to hyperoxia impairs relaxation of tracheal smooth 
muscle  [5]  as well as lung parenchymal strips  [8, 9] , po-
tentially via impairment of NO-cGMP signaling. In one 
of our previous studies  [8] , we also demonstrated that 
neonatal exposure to  6 95% O 2  in rat pups increases ar-
ginase activity, which, in turn, may decrease the bioavail-
ability of  L -arginine for NO-cGMP signaling, resulting in 
airway hyperreactivity and impaired relaxation of lung 
parenchymal tissue. As NO is produced from  L -arginine 

via NOS  [13] , the bioavailability of  L -arginine, a common 
substrate for both NOS and arginase, may play a key role 
in the production of NO. We therefore sought to deter-
mine whether in vivo intraperitoneal administration of 
exogenous  L -arginine to hyperoxic animals can restore 
NO production and hyperoxia-induced impairment of 
airway smooth muscle relaxation to room air levels by 
increasing the bioavailability of  L -arginine for NO-cGMP 
signaling. In order to maintain an optimal level of sub-

50% O2 +

L-arginine

50% O2 

50% O2 +

nor-NOHA

Room air

HE (×5) HE (×20) �-Smooth muscle actina b c

  Fig. 5.  Effect of moderate hyperoxia (50% O 2 ) on lung histology.  a  Hematoxylin and eosin (HE) staining of 
4-       � m-thick paraffin-embedded sections showing no observable changes in lung parenchyma and airways 
between groups.  b  Higher magnification of  a  showing airways. There were no observable histological chang-
es in airway structures.  c  Immunostaining of adjacent sections with  � -smooth muscle actin antibody show-
ing no changes in the thickness or architecture of the airway smooth muscle layer. Bar = 200  � m ( a ,  b ) and 
100  � m ( c ).   
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a substrate or an inhibitor of NOS activity when com-
pared to NOHA  [29] . Thus, the possibility of increased 
NO production due to mechanisms other than arginase 
inhibition is unlikely in our study. Consistent with our 
physiologic data, inhibition of arginase activity by nor-
NOHA in hyperoxic animals restored NO production in 
airway smooth muscle. Interestingly, nor-NOHA not 
only reversed the impaired relaxation but it relaxed the 
hyperoxia-exposed parenchymal strips more than the 
room air control strips. This observation and immuno-
staining data suggest that nor-NOHA decreased arginase 
activity in airway compartments of hyperoxia-exposed 
animals below baseline. In contrast to our immunostain-
ing and physiologic data, NO production was restored 
and did not exceed room air levels after arginase inhibi-
tion in hyperoxia-exposed pups. Therefore, an alternative 
mechanism such as downstream cGMP signaling might 
be implicated in this enhanced response to arginase inhi-

strate for NOS, we injected 300 mg/kg  L -arginine daily 
for 7 days. This dose did not exhibit any apparent toxic-
ity in other studies  [22, 23] . We also did not observe any 
adverse affects of  L -arginine supplementation on feeding 
or other behavior or any other obvious symptoms of 
stress in these rat pups. Consistent with our hypothesis, 
this protocol of daily in vivo supplementation of  L -argi-
nine was able to partially restore both NO production 
and lung strip relaxation in pups exposed to moderate 
hyperoxia.

  We sought to determine whether in vivo arginase in-
hibition may serve as an alternative approach to restore 
airway relaxation via NO-cGMP signaling in hyperox-
ia-exposed pups. We used 30 mg/kg/day nor-NOHA to 
block arginase activity based on other rodent studies  [24, 
25] . We chose to utilize nor-NOHA because it has a low 
median inhibition concentration (low clearance rate 
from the lung) and it does not directly interact as either 
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  Fig. 6.  Effect of moderate hyperoxia (50% O 2 ) on arginase activity 
of the lung. In hyperoxic lungs, arginase activity was significant-
ly increased (p                              !  0.05) as compared to room air-exposed lungs
(n = 5 per group). Supplementation of  L -arginine in hyperoxic 
animals (n = 5) did not significantly change arginase activity 
when compared to hyperoxia alone, and it remained significantly 
higher compared to room air controls (p  !  0.05). The administra-
tion of nor-NOHA to hyperoxic animals reduced the arginase ac-
tivity; however, the values remained higher than room air levels. 
Data expressed as means  8  SE. 

  Fig. 7.  Effect of moderate hyperoxia (50% oxygen) on EFS-induced 
NO production in airway smooth muscle. EFS-induced NO pro-
duction was decreased in airway smooth muscle of lung strips 
from hyperoxic pups as compared to lung strips from room air-
exposed pups (n = 3 per group; p                                !  0.05). Supplementation of  L -
arginine and arginase blockade had no effect on NO production 
in room air-exposed animals. In hyperoxic animals,  L -arginine 
supplementation appeared to partially restore NO production in 
airway smooth muscle. Arginase blockade completely restored 
NO production in airway smooth muscle (n = 3; p  !  0.05). Data 
expressed as means  8  SE .  
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bition. Another possibility is that in room air-exposed 
animals,  L -arginine may be present in abundance and 
thus may not be a limiting substrate for NOS in the pro-
duction of NO. However, in hyperoxic animals, due to 
increased arginase activity the  L -arginine is reduced and 
probably became a limiting substrate. Therefore, any in-
crease in  L -arginine content due to inhibition of arginase 
activity may have a profound effect on NO production 
after hyperoxic exposure.

  Arginase I was expressed in airway epithelial cells and 
was increased in the hyperoxic lungs. Expression of argi-
nase I in the hyperoxic group was restored to room air 
levels by  L -arginine supplementation, which correlated 
with our physiologic data. We propose that this normal-
ization of relaxation of lung parenchyma is due to in-
creased production of NO by supplemental  L -arginine in 
the hyperoxic animals. This is consistent with our results 
that show that NO production was reduced in airway 
smooth muscle of hyperoxia-exposed lungs and restored 
by nor-NOHA administration. The observed enhance-
ment of relaxation in hyperoxia-exposed lung parenchy-
ma in response to EFS after administration of nor-NOHA 
is supported by immunostaining data, according to 
which nor-NOHA reduced the expression of arginase I in 
alveolar epithelium below baseline room air levels. Argi-
nase II may not play a direct role in airway relaxation in 
our model due to its absence in airway epithelium.

  We have also demonstrated that moderate hyperoxic 
exposure increases arginase activity. Lung arginase activ-
ity remained elevated in  L -arginine-supplemented hyper-
oxic animals, which was contrary to the physiologic data 
and also contrary to the restoration of arginase expres-
sion to room air levels as observed in epithelial cells. This 
suggests that the total arginase activity of lung homoge-
nate may include circulating plasma arginase isoforms 
and cannot be correlated with the relaxant responses of 
lung parenchyma. Reduction in the expression of argi-
nase I after arginine supplementation could reflect the 
metabolism of  L -arginine toward NOS production in a 
compartmentalized pool of airway epithelial cells which 
is not reflected in lung tissue as a whole  [17] . We cannot 
exclude other mechanisms that might decrease NO pro-
duction due to uncoupling of NOS or decreased levels of 
tetrahydrobiopterin as a result of its increased reactive 
oxygen-dependent consumption with a resultant reduc-
tion in NOS activity  [30] . We do recognize that lung pa-
renchymal strips contain various anatomic constituents 
including alveolar, bronchial and blood vessel walls as 
well as connective and interstitial cells with varying con-
tractile properties. However, rodent parenchymal strips 

provide a useful model to measure actual tissue mechan-
ical properties, and our prior experiments  [8, 9]  demon-
strate that this preparation can be utilized under well-
controlled conditions in the absence of circulating ele-
ments and centrally mediated neuronal components. 
Future studies might employ isolated peripheral airways, 
although this is a challenge given the small size of rat 
pups.

  Our animal model has proven quite successful to char-
acterize the role of modest hyperoxic exposure in en-
hancing airway reactivity via downregulation of a func-
tional NO-mediated signaling pathway. We recognize 
that this model cannot precisely simulate the multifacto-
rial contributors to BPD  [1] . Our observation that the 
lung parenchymal structures in this model appeared his-
tologically relatively intact may also be a factor that dif-
ferentiates it from BPD, although human histologic data 
from subjects with milder degrees of BPD are largely un-
available. More importantly, our rat pup model provides 
a potential mechanism for characterizing the increased 
airway reactivity observed in preterm infants with neo-
natal lung injury.

  In conclusion, 7-day exposure of newborn rat pups to 
moderate hyperoxia impairs the relaxant responses of 
lung parenchyma and increases arginase I expression in 
airway epithelial cells. The resultant increase in arginase 
activity results in a reduction in the bioavailability of  L -
arginine for NOS, which, in turn, results in impaired NO 
production and impaired NO-cGMP signaling. We have 
recently documented that inhalation of exogenous NO in 
preterm infants at risk for BPD decreases the need for 
bronchodilator therapy at 1 year of age  [31] . Supplementa-
tion of  L -arginine or blockade of arginase may provide 
alternative approaches to enhance endogenous NO pro-
duction and restore impaired relaxant responses in pre-
term infants at risk for increased airway reactivity.
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