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Exposure of premature infants to relative hyperoxia in the extrauterine 

environment causes obliteration of the immature retinal microvessels, leading to 

a condition of proliferative vitreoretinal neovascularization termed retinopathy of 

prematurity (ROP). Previous studies using models of oxygen-induced retinopathy 

(OIR) have demonstrated that the hyperoxia-induced vascular injury is mediated 

by dysfunction of endothelial nitric oxide synthase (NOS) resulting in superoxide 

(02 -) and peroxynitrite (ONoo-) formation. This study was undertaken to 

determine the involvement of the urea-hydrolase enzyme arginase in this 

pathology. Studies using in vivo and in vitro models of OIR showed that limiting 

arginase activity prevented hyperoxia-induced vascular injury. Studies in the 

mouse OIR model showed that deletion of arginase 2 (A2) prevented vessel loss, 

improved vascular repair and reduced neovascularization while deletion of 

arginase 1 (A 1) enhanced vessel loss. Deletion of A2 also prevented 

hyperoxia-induced uncoupling of NOS and preserved nitric oxide (NO) formation, 

while limiting 0 2- formation, decreasing ONoo- and reducing endothelial cell 

apoptosis. The A2 deletion also increased A 1 expression, prevented microglial 

activation and preserved resting microglia, processes important for tissue repair. 

Because deletion of the A2 gene enhanced retinal cell survival and repair, 

involvement of A2 in autophagy was also examined. This analysis showed that 



inhibiting autophagy by chloroquine reversed the vasa-protective effect of A2 

deletion in the OIR retinas. Furthermore, microtubule-associated protein 1 light 

chain 3 beta (LC3B-II) was increased and p62, sequestosome 1 was decreased 

in the A2-/- OIR retinas as compared with the wild-type OIR, implying increases 

in autophagosome formation and successful progression of autophagic flux, 

respectively. The A2-/- OIR retinas also showed increases in PUMA (p53 

upregulated modulator of apoptosis}, IL-6 and p-ERK which have all been 

reported to upregulate autophagic machinery. 

Collectively, these results suggest that expression of arginase 2 may serve as a 

pathological marker in patients at risk for ROP. Targeting arginase 2 may offer a 

therapeutic avenue for limiting oxygen-induced vascular injury and preventing 

ROP. 
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Table I. A list of commonly used abbreviations in the text 1 

! 
Abbreviations Term 

A1+/- Arginase 1 heterozygous knockout mice 

A2-l- Arginase 2 homozygous knockout mice 

--A1+/-A2 .. /- Arginase 1 heterozygous and Arginase 2 

homozygous knockout mice 

ABH 2(S)-amino-6-boronohexanoic acid 

r--BH4 T etrahydrobiopterin 

B RECs Bovine retinal endothelial cells 

-
ECs Endothelial cells 

-LC38 Microtubule-associated protein 1 light chain 3 beta 

NO Nitric oxide 

-
NOS Nitric oxide synthase 

o2·· Superoxide 

-OIR Oxygen-induced retinopathy 

-oNoo· Peroxynitrite 

p Postnatal day 

PUMA p53 upregulated modulator of apoptosis 
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I. INTRODUCTION 

Roles of Arginase in Oxygen-induced Retinopathy 

A) Statement of problem: 

Retinopathy of prematurity (ROP) is a major cause of vision loss in premature 

infants. In the United States, the Centers for Disease Control and Prevention 

(CDC) reports that almost 500,000 babies, one out of every eight, are born 

prematurely each year.1 Many of them develop ROP. The incidence of ROP is 

inversely proportional to birth weight and approximately 50% of infants born 

weighing less than 1700 grams develop ROP.2 Clinical observations in human 

infants and studies in animal models indicate that exposure of the Immature 

retinal blood vessels to relative hyperoxia damages the immature retinal 

capillaries and impairs vascular development. 3 The resulting vascular 

insufficiency leads to a condition of relative hypoxia as development of the retina 

continues. This hypoxia upregulates growth factors, such as vascular endothelial 

growth factor (VEGF), followed by pathological angiogenesis, which finally 

infiltrates into the vitreous and can impair vision due to retinal detachment.4.o 

Although medical technologies such as cryotherapy and laser photocoagulation 

are available for treating ROP, there is no cure to retrieve full visual function of 

ROP patients. S1nce the hallmark of the ROP is a pathological condition in which 
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a developing retinal vessel is damaged,4-
6 protecting against endothelial 

degeneration at early stages would improve visual outcomes. 

The mechanisms underlying vascular injury during ROP are not fully understood. 

However, disruption of amino acid metabolism may be involved. Preterm infants 

have been shown to have a deficiency in L-arginine, which is nutritionally 

essential for neonatal development.7 L-arginine is the substrate of both nitric 

oxide synthase (NOS) and arginase. NOS catalyzes the conversion of L-arginine 

to nitric oxide (NO) and L-citrulline, whereas arginase catalyzes the hydrolysis of 

L-arginine to produce urea and ornithine. Hepatic urea production that is crucial 

for ammonia detoxification and L-arginine deficiency in preterm infants can result 

in hyperammonemia and organ dysfunction.7 Studies using a mouse model of 

oxygen-induced retinopathy (OIR) show that treatment of neonatal mice with 

supplemental arginine and glutamine prepared as a dipeptide reduced retinal 

neovascularization and vascular hyperpermeability following hyperoxia 

exposure.8 Excessive arginase activity limits L-arginine availability that is 

necessary for nitric (NO) production by NOS leading to NOS dysfunction. When 

the supply of L-arginine is limited, NOS will use more molecular oxygen to 

produce superoxide (0 2 } 0 2 • and NO react rapidly to form peroxynitrite 

(ONOO} The resulting increase in reactive oxygen species (ROS) causes 

vascular dysfunction and injury. Our group has demonstrated that vascular 

damage is markedly reduced in mice deficient in the endothelial NOS (eNOS) 

gene or retinal endothelial cells (ECs) that are treated with an ONoo· 
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neutralizing agent during hyperoxia treatment.9
• 

10 Therefore, alterations in L

arginine metabolism may contribute to microvascular injury by disrupting 

arginase and NOS interplay. 

Our studies in the OIR model also have shown involvement of the mitochondrial 

arginase isoform, arginase 2, in hyperoxia-induced death of retinal neuronal 

cells.11 Thus, the overall purpose of this study was to determine whether 

excessive arginase expression/activity is involved in vascular injury during OIR 

treatment. The goal of the first aim was to determine the effects of OIR on 

arginase expression and activity in relation to NOS uncoupling and vascular 

injury by measuring NO and 0 2 - level (Figure 1). In the second aim, we wanted 

to examine mechanisms by which arginase 2 deletion prevents vascular injury in 

the OIR model. 

Aim 1: Determine the effects of OIR on arginase expression and activity in 

relation to NOS uncoupling and vascular injury 

Aim 2: Examine the mechanisms by which arginase 2 deletion protects retinal 

vessels in the OIR model. 



Oxygen-induced retinopathy 

1 
t Argmase 
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Figure 1. Scheme showing the hypothesized involvement of excessive arginase 
in OIR through NOS uncoupling. Excessive arginase mediates NOS uncoupling 
that tncreases ROS formation. ROS induces the OIR pathology, including 
vascular injury, defective repair and pathological angiogenesis 
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B) Literature review and project rationale: 

The mechanisms underlying early vascular injury during OIR are not understood, 

and the current treatment options do not protect the immature retinal vasculature 

or preserve vascular integrity. We postulate that excessive arginase activity plays 

a crucial role in hyperoxia-induced vascular injury. Using the scientific literature 

and concepts, the following sections will develop this postulate and provide a 

rationale for our hypothesis. 

1.1. Retina structure 

1.1.1. Structural organization of the retina 

The retina is the part of the eye that transduces light into nerve signals that are 

transmitted to the brain. The retina is a heterogeneous tissue combining the 

photreceptor, neuronal, vascular and glial cells. The ten layers of the retina 

starting from outside to the inside are: 1) rods and cones, 2) outer limiting 

membrane, 3) outer nuclear layer, 4) outer plexiform layer, 5) inner nuclear layer, 

6) inner plexiform layer, 7) ganglion cell layer, 8) nerve fiber layer, 9) inner 

limiting membrane, and 1 0) retinal pigment epithelium (Figure 2).12 
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Figure 2. An illustration of the layers of the retina. 12 

1.1.2. Retinal vasculature 
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The hyaloid vessels are the source of blood supply to the fetus' retina and they 

regress at the fourth month of gestation while the retinal blood vessels arise at 

the optic disc and begin to extend toward the periphery during the fourth month 

of gestation.13 The retinal vasculature will be fully developed shortly after birth. 

There are two sources of blood supply for the mature retina: (1) the 

choriocapillaries supply the outer part of the retina, including the rods and cones 

layer and retinal pigment epithelium; (2) the branches of the central artery supply 

the inner part of the retina.14 The central retinal arteries have a vascular bed in a 

superficial plexus at the nerve fiber layer and a deep plexus at the inner plexiform 
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and inner nuclear layer in human while a deep plexus in the mouse is located at 

the inner and outer plexiform layers (Figure 3).14· 15 

SuperfiCial 
capUiary 
plexus 

Deep 
capillary 
plexus 

, 

Photoreceptor layer 

Prgmented eprthelium 

Figure 3. A diagram showing details of the retinal and choroidal vasculature in 
the human retina. The branches from the central retinal circulation form two 
distinct capillary plexi: 1) the superficial capillary plexus at the ganglion cell layer, 
and 2) the deep capillary plexus at the inner nuclear layer, drawing by Dave 
Schumick.15 

1.2 Retinopathy of prematurity (ROP) 

1.2.1. ROP pathogenesis 

ROP is an eye disease in which blood vessels that supply oxygen to the retina 

are damaged. The pathology of ROP occurs in two stages, starting with an 

extrauterine oxygen exposure, a sudden conversion of pressure oxygen 

(Pa02 ) from 30-35 mmHg in utero to 55-80 mmHg right after birth.4 This, 
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together with the supplemental oxygen given to support preterm infants' lung 

development in neonatal intensive care units, causes a vasa-obliteration of the 

immature retinal microvasculature by suppressing vascular growth factors, 

mediating vaso-constriction, and increasing reactive oxygen species (ROS) 

formation. Following return to a normal atmosphere, the incompletely 

vascularized retina becomes relatively hypoxic and subsequently increases the 

release of angiogenic growth factors that mediate retinal neovascularization (NV). 

1.2.2. Recent advances in treatment for ROP 

The current treatments for ROP are surgeries and anti-angiogenic therapy. 

Peripheral retinal ablation by cryotherapy, diode laser photocoagulation, and 

vitreoretinal surgery are available surgeries 16
· 

17 In general, corneal edema, 

intraocular hemorrhage (anterior and/or posterior), angle-closure glaucoma 

(ACG) , cataract formation, and ocular ischemia are side effects after these 

surgeries.18 A long-term adverse effect of photocoagulation is myopic error.16 

Cryotherapy decreases adverse outcomes by 50 %.16 Later, peripheral diode 

laser photocoagulation has been reported to have the same or better results than 

cryotherapy.19 Thus, surgeries in ROP patients are unlikely to resolve all vision

threatening ROP. Therefore, antiangiogenic agents, VEGF inhibitors, also known 

as Bevacizumab and Ranibizumab, have been used in the treatment of ROP.20 

lntravitreal injection of Bevacizumab has been used for the treatment of ROP 
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alone or in a combination with laser surgery.20 VEGF inhibitors are useful in 

some patients.20 However, the long-term safety of these inhibitors in children 

remains unknown.16 Other candidates for ROP therapy include Insulin-like growth 

factor 1 (IGF-1) combined with omega-3-polyunsaturated fatty acids.17 However, 

no pharmaceutical agents overcome the visual impairment from ROP. Therefore, 

basic science is an important resource to find out a cure for vision threatening 

ROP through understanding of ROP mechanisms. 

1.2.3. Animal models of ROP 

OIR models were developed for use in studies of the mechanisms of ROP, but 

are also useful to study mechanisms of adult retinopathies caused by 

inflammation, ischemia, etc. The OIR pathology is a combination of glial 

activation, retinal degeneration21
-
23 and neovascularization.21

• 
24 There are 

several models for studying ROP, including the rat, mouse, dog and cat models 

of OIR. All animal models share common mechanisms by which hyperoxia 

exposure arrests or retards vascular growth during retinal development. Then, 

the animals are returned to a room air environment, where their incompletely 

vascularized retinas are under relative hypoxia, resulting in upregulation of 

pathological angiogenesis, which forms at the junction between the vascular and 

avascular areas of the retina, followed by normalization of the vascular pattern 

with regression of the abnormal vessels. The canine OIR model recapitulates 

tortuous vessels after a hyperoxic insult. This is followed by retinal detachment at 
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a late stage of the OIR pathology, which is likew1se a clinical manifestation in 

infants with ROP.25 The kitten OIR model produces intraretinal and intravitreal 

neovascularization, iris vascular engorgement, pupillary rigidity, and anterior 

segment abnormality, which are similar to those that occur in humans with 

ROP.26
• 

27 However, the canine and feline OIR models have limitations in terms of 

cost and reproducibility. This is the reason for usmg the rodent OIR model in this 

study. Although the OIR rat model mimics the vasa-obliteration pattern at the 

peripheral retina as it occurs in ROP human subJects,28 an application of genetic 

modifications in rat are more complicated than in mice. Therefore, the OIR 

mouse model was used to exam1ne roles of arginase in this study. To overcome 

many of limitations above, the mouse model is an optimal model in this project 

because of its reproducible OIR phenotypes. wh1ch are vasa-obliteration and 

neovascularization. Nevertheless, vasa-obliteration in the OIR mouse model 

takes place around the central retinal vessels, not in the peripheral vessels as it 

has been found in humans with ROP. 29 

In this model, newborn mice are exposed to 70% oxygen for five days, from 

postnatal day (P)7 to P12. During this high oxygen exposure, the hyperoxia 

causes vasa-obliteration of the immature retinal vessels due to an oxidative insult 

and angiogenic factor suppression. This causes a condition of "relative hypoxia" 

when the pups are returned to a normal atmosphere and causes pathological 

angiogenesis with a maximum effect at P17 (Figure 4). 
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Figure 4. Scheme showing the 0/R mouse mode/ 4· 29, Jo 

1.3 L-arginine metabolism, NOS and arginase in vascular injury 

1.3.1. L-arginine metabolism 

L-arginine is a substrate of both arginase and NOS. NOS catabolizes L-arginine 

to produce L-citrulline and NO. At the same time, arginase converts L-arginine to 

urea and ornithine. L-arginine metabolism has been implicated in many 

cardiovascular diseases such as hypertension, atherosclerosis, and asthma.31-37 

Under normal physiological conditions, the L-arginine level is approximately 50 

IJM in the blood and 800 !JM in endothelial cells (ECs).38 During hyperoxia-

induced endothelial cell (EC) injury, supplementation of L-arginine prevents EC 

apoptosis, which suggests that L-arginine depletion is a major contributor to 

hyperoxia-induced damage in ECs.10 
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1.3.2. Arginase 

The mammalian urea-hydrolase enzyme, arginase, has two isoforms which are 

encoded by different genes. Arginase 1 is an ubiquitous cytosolic enzyme and 

arginase 2 is found mainly in mitochondria and accounts for about 2% of the total 

arginase activity?1
• 

39 Both isoforms are expressed in retinal cells. Arginase 

metabolizes L-arginine for the ornithine decarboxylase pathway resulting in the 

synthesis of polyamine which is needed for cell growth and migration.40 Arginase 

is also an important enzyme for proline production which is a major component of 

collagen, in the ornithine aminotransferase/pyrroline-5-carboxylate reductase 

pathway.40 41 

Many studies have examined on the regulation of arginase enzymes. A study 

using human lung ECs showed that HIF-2 regulates arginase 2 expression and 

activity during hypoxia exposure.36 In addition, ROS-induced upregulation and 

activation of endothelial arginase 1 is mediated by sequential activation of the 

RhoAIROCK system leading to p38MAPK activation and resulting in elevation of 

the transcription factor AP1. 37
· 

42 In models of atherosclerosis, liver X receptors 

(LXRs) are found to regulate macrophage arginase 143 while arginase 2 in ECs is 

enhanced by epigenetic mechanisms involving the activity of histone 

deacetylase 2.44 In the immune system, arginase 1 in macrophage can be 

regulated by the PTEN pathway.45 However, no study has addressed the 

regulation of arginase in the OIR model. 
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1.3.3. NOS 

The NOS family is comprised of neuronal NOS (nNOS or NOS 1 ), inducible NOS 

(iNOS or NOS 2), and endothelial NOS (eNOS or NOS 3). NOS catalyzes 

the conversion of L-arginine to L-citrulline and NO. nNOS and eNOS are 

constitutive isoforms that are calcium/calmodulin-dependent while iNOS is 

calcium-independent.46 During immunological challenges, iNOS is expressed in 

macrophages and other tissues.47 Co-factors for NOS activity include 

tetrahydrobyopterin (BH4), heme, calcium/calmodulin, flavin adenine 

dinucleotide, flavin mononucleotide and nicotinamide adenine dinucleotide 

phosphate, and zinc.48 Regulation of NOS function can occur at transcriptional, 

post-transcriptional, translational, and post-translationallevels.46
• 

47
• 

49 

1.3.4. Arginase and NOS interactions in vascular injury 

Under normal physiological conditions, NOS and arginase reciprocally regulate 

each other by their ability to utilize L-arginine. N- hydroxy-L-arginine (NOHA), 

which is produced by the metabolism of L-arginine by NOS, inhibits arginase that 

utilizes L-arginine for polyamine and urea synthesis.50 In addition, the NO, which 

is produced by eNOS can inhibit polyamine production by blocking ornithine 

decarboxylase (ODC).50 Under normal conditions, the total rate of L-arginine 

metabolism by arginase and NOS is similar. 51 The affinity of L-arginine ( Km) for 

NOS is approximately 6 ~M and that of arginase is 5 mM.51 However, the 
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maximum activity (Vmax) of NOS is 1/1000 that of arginase. 51 Once the balance 

between these two enzymes is interrupted by inflammation, oxidative stress, or 

other stressors, an overactive arginase can indirectly induce NOS dysfunction by 

depleting L-arginine. Then, in the absence of an adequate supply of L-arginine, 

an active NOS will become uncoupled and will use more molecular oxygen to 

produce 0 2 ·. The Oi. produced by uncoupled NOS will react rapidly with any 

available NO to form ONoo· causing a further decrease in NO levels and 

additional increases in oxidative stress. ROS formation leads to vascular injury 

whereas NO depletion impairs vasorelaxation and increases platelet aggregation 

and leukocyte adhesion causing EC injury (Figure 5). For example, excessive 

activity of arginase 2 in ECs has been found to mediate vascular and endothelial 

dysfunction due to uncoupling of NOS.34 In addition, there is evidence that 

arginase 2 in mitochondria controls NO production by regulating eNOS?3 

Uncoupled NOS is a potent source of ROS in mitochondria because it produces 

ONoo·, which damages complex I and Ill in the electron transport chain (ETC). 

This leads to leakage of electrons to oxygen at the ETC and further increases Oi 

level:33, 52. 53 
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Figure 5. An illustration of oxidative stress-induced overactive arginase leading 
to the depletion of L-arginine. Then, active NOS will become uncoupled and will 
use molecular oxygen to produce 02 ·. The 02 · produced by uncoupled NOS will 
react rapidly with any NO that is produced to form ONOO·, causing further 
decreases in NO and additional increases in oxidative stress. ROS formation will 
lead to vascular and EC injury. 

1.4. NOS in the retina 

In the developing human retina, eNOS localizes mainly in vascular cells, 

photoreceptors and amacrine cells, which suggests a role of eNOS in retinal 

development.54 eNOS is located in bovine, rat and mouse ECs.55 In human and 

rat retinas, nNOS is found in amacrine cells and retinal ganglion cells (RGCs) 

and mainly in the cone cells of the outer nuclear layer (ONL).54• 56 In addition, 

nNOS is reported to be expressed at a low level in adult retinas (16-75 year 

old). 57 iNOS is found in microglia, Muller cells, and ECs of the human retina.58 
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However, the localization of arginase enzymes has not been characterized . 

Therefore, we localized arginase in this study. 

1.5. Retinopathy and NOS-derived free radicals 

Formation of ROS (Oi-. H20 2, and ·OH) at physiological levels is important for 

maintaining signaling events and other functions such as ATP production by the 

mitochondrial respiratory chain and NADPH oxidase in the immune response to 

pathogens.59
• 

60 Another free radical molecule, NO, which is formed by NOS, 

works as a physiological messenger molecule to regulate vascular tone61 and 

intracellular signaling.62 In the OIR model, free radicals are major factors 

involved in the apoptosis of retinal capillaries.10 In pigs' eyes, an increase in NO 

formation abrogates cyclooxygenase-induced vasoconstriction in the choroid, 

which is the major vascular supply for the outer retina.63 In addition, NO 

formation by eNOS mediates vascular repair through the recruitment of bone 

marrow-derived cells.64 

Other free radicals related to NOS activity and the OIR pathology include Oi

and ONoo- . Thus, eNOS deficiency in mice prevents vascular injury by limiting 

ONoo· formation during OIR.9 Administration of the NOS inhibitor, L-NAME or 

N-nitro-1-arginine (L-NNA), into mice had the same beneficial outcome as eNOS 

deficiency during OIR treatment.9 Data in the OIR rat model supports the mouse 

model results showing that eNOS activity and expression are increased after two 
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days of 80 % oxygen exposure, together with an enhancement in 

malondialdehyde (an indicator of oxidative stress) and nitrotyrosine (an indicator 

of ON00").65 Treating the OIR rat with NOS inhibitors ( L-NNA) or a superoxide 

dismutase (SOD) mimetic agent significantly increases the vessel density 

compared with the OIR animal.65 An in vitro study showed that hyperoxia 

induces retinal vascular endothelial cell apoptosis through formation of ONoo-. 10 

Hyperoxia treatment in bovine retinal endothelial cells (BREC) leads to the 

formation of ONoo- by altering NOS function and mcreasing the formation of 02 -

and ONoo- while decreasing available NO, which leads to retina endothelial cell 

apoptosis.10 This effect could be blocked by supplementary L-arginine or a 

ONoo- neutralizing agent, suggesting a mechanism of NOS uncoupling.10 These 

data are supported by eNOS over-expression in OIR mice, which showed that 

depleting BH4 levels leads to vascular injury during hyperoxia while deleting 

eNOS gene expression reverses the impact of hyperoxia-induced vascular 

injury.66 Together these studies suggest that excess NOS-derived ROS mediates 

vascular injury through ONoo- formation during hyperoxic conditions. These 

reports also indicate a contribution of NOS-derived ROS as a detrimental factor 

and NO as a beneficial factor in the OIR model. 

1.6. Retinopathy and arginase 

Arginase has long been considered as a contributor to cardiovascular diseases 

associated with endothelial dysfunction.32· 33· 36· 37· 40· 42· 67-70 Excessive arginase 
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activity is tied to a reduction in NO levels and an increase in inflammation in 

many cardiovascular diseases.32
· 

33
· 

35
-
37

• 
42

· 
67

-
71 Our group has demonstrated that 

the increase in arginase activity and arginase expression in high glucose-treated 

ECs is correlated with vascular dysfunction, both in macro- and micro-vessels.68
· 

69, 72 

In retinopathy, only a few studies have examined the role of arginase enzymes. 

Ischemia retinopathies, including ROP and diabetic retinopathy, are 

characterized by disruption of vascular integrity through oxidative damage, 

inflammation, EC dysfunction, blood flow alterations, tissue hypoxia and 

pathological angiogenesis.73 Arginase 1 not only mediates the pathology of 

uveitis, an endotoxin-induced retinal inflammation74
, but also vascular damage in 

retinopathy.69 Studies in retinas of STZ-induced diabetic mice have shown that 

arginase 1 knockout (A 1 +/-) mice have improved retinal artery blood flow as 

compared to STZ-induced diabetic wild-type (WT) mice.69 In an ex vivo study of 

STZ-induced diabetes in rats using a pressure myograph, treatment with a 

specific arginase inhibitor, ABH: 2(S)-amino-6-boronohexanoic acid, was found 

to limit excessive arginase activity, and enhance retinal EC-dependent 

vasodilation of isolated retinal arteries. 59 

1. 7 Apoptotic cell death and autophagic cell survival 

1. 7.1 Apoptosis 
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Apoptosis, programmed cell death, occurs in both normal development and 

pathological conditions. Characteristics of apoptotic cells include DNA 

fragmentation, chromatin condensation, membrane blebbing , cell shrinkage and 

disassembly into membrane-enclosed vesicles.75
· 

76 Hyperoxia-treated retinal 

endothelial cells and animals manifest an increase in cellular apoptosis, which is 

due to the upsurge in ONoo- formation. Treatment with a NOS inhibitor; L

NAME, a superoxide scavenger, superoxide dismutase, or a ONoo- scavenger, 

uric acid, have been found to block hyperoxia-induced endothelial cell 

apoptosis.10 In the OIR mouse study, either inhibition of NOS9
• 

10 or arginase also 

prevents retinal apoptosis.77
-
79 

1. 7.1 Autophagy 

Autophagy provides a mechanism for eliminating damaged organelles by 

internalization into a lytic vacuolar compartment where they are degraded and 

recycled as amino acids to supply nutrients and energy to cells.80-
82 The 

autophagic process starts with the formation of a phamagophore (a double 

membrane enclosed structure) and elongation of the phagophore to form an 

autophagosome. This process is facilitated by the conjugation of microtubule

associated protein 1 light chain 3 beta (LC38) and phosphatidylethanolamine 

(Figure 6).83
-
86 Therefore, LC38 is used as a marker for autophagosome 

formation. A marker for autophagic flux is p62/sQSTM1 , which directly binds to 
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LC3 of the autophagosome and is degraded by lysosomes that fuse with the 

autophagosome to form an autolysosome, a single membrane enclosed structure 

containing enzymes for organelle degradation and recycling. When autophagy is 

inhibited, there is an accumulation of p62. 
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Figure 6. Autophagy machinery. A scheme for representing the four stages of 
the autophagic process. 86 

1.7.3. Apoptosis and autophagy 

Under similar environmental stimuli, a cell can determine its fate: apoptotc cell 

death (self-killing) or autophagic (self-eating) cell survival.87• 88 Under some 
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conditions, a cell can activate autophagic survival to prevent apoptotic cell 

death.89 Autophagic activity is increased to promote cell survival during 

conditions of nutrient-deprivation90 or growth-factor-withdrawal.91 However, 

excessive autophagy can also lead to cell death.92 

The autophagic machinery is important for development.80
-
82 Crosstalk between 

autophagy and apoptosis can also be found during vascular injury.86 Under 

normal physiological conditions, autophagy facilitates retinal vascular 

development by providing nutrients to cells. Once vascular injury occurs, the 

balance of apoptosis and autophagy decides cell fate: life or death.80 A recent 

study in developing mouse retinas indicates that p53 upregulated modulator of 

apoptosis (PUMA) is important for vessel maturation by a process involving ERK 

activation.80 Subsequently, this enhances autophagy.80 Enhancing autophagy in 

the OIR rat was found to prevent OIR pathological neovascularization.93 Many 

reports show that autophagy can be regulated by various pathways depending 

upon cell type and disease model. For example, autophagy is enhanced by 

NADPH oxidase (NOX4) to preserve energy and prevent cell death in energy

deprived cardiomyocytes.88 Hypertrophic cardiomyopathic pathology can be 

reversed by enhancing autophagy through upregulation of tuberous sclerosis 

complex 1 (TSC1 ) expression.94 



23 

1.8 Rationale 

Previous studies have shown that excessive arginase activity/expression 

contributes to various diseases, including cardiovascular diseases and 

retinopathy, through alteration of NOS function, reduction in NO availability and 

accumulation of ROS, especially in ECs.32
-
34

• 
42

• 
67 NOS dysfunction, resulting in a 

decrease in NO formation and an increase in free radicals, mediates hyperoxia

induced retinal endothelial cell injury and may be associated with the disruption 

of the crosstalk between arginase and NOS. 

In an OIR study, upregulation of arginase 2 mRNA and a decrease in retinal 

injury were found in TN F-a deficient mice.95 Taken together, these data suggest 

that arginase may play a role in hyperoxia-induced vascular injuries. Further 

study is required to determine the specific role of arginase in retinal vascular 

injury. Therefore, the overall hypothesis of this project is "Arginase 

expression/activity is involved in vascular injury during OIR". In the first aim, we 

examine the effects of the OIR pathology on arginase expression and activity in 

relation to NOS uncoupling and vascular injury. For this, we conducted the OIR 

studies in vitro (BRECs) and in vivo (WT, A2-/-, and A 1 +/-A2-/-mice) to 

demonstrate that limiting arginase activity preserves vascular integrity by 

maintaining bioavailable NO and decreasing NOS-derived 0 2- and ONoo·. 

We also demonstrated that limiting arginase activity prevents retinal cell 

apoptosis and vascular cell death. In addition, our data have shown that deleting 
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arginase 2 prevents hyperoxia-induced neuronal apoptosis in the OIR model.11 

Taken together, these results suggest that hyperoxic stress shifts the balance of 

cell fate from cell survival to cell death. Because the crosstalk between 

autophagy and apoptosis are well known to decide cell fate, we hypothesized in 

the second aim that deleting the arginase 2 gene reversed the balance of cell 

fate toward cell survival by enhancing autophagy. In addition, rapamycin has 

been documented to decrease arginase 2 protein expression in !-arginine

treated human ECs and prevent cell injury by preserving NO levels and limiting 

ROS formation.96 These supportive data led us to examine autophagy as a 

possible mechanism for the vase-protective effects of arginase 2 deletion in the 

OIR study. Interestingly, our data in the first aim show that additional deletion of 

arginase 1 in combination with arginase 2 (A 1 +/-A2-/-) increased vase

obliteration more than deleting arginase 2 alone. This suggests that arginase 1 is 

a beneficial player in the OIR model. Hence, we further examined the role of 

arginase 1 in the OIR model in the second aim. 
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Abstract 

Background: Hyperoxia exposure of premature infants causes obliteration of 

the immature retinal microvessels, leading to a condition of proliferative 

vitreoretinal neovascularization termed ROP. Previous work has demonstrated 

that hyperoxia-induced vascular injury is mediated by dysfunction of endothelial 

NOS resulting in ONoo- formation. This study was undertaken to determine the 

involvement of the urea hydrolase enzyme arginase in this pathology. 

Method and findings: Studies were performed using hyperoxic-treated BREC 

and mice with OIR as experimental models of ROP. Treatment with the specific 

arginase inhibitor ABH prevented hyperoxia-induced apoptosis of BRE cells and 

reduced vasa-obliteration in the OIR model. Furthermore deletion of the arginase 

2 gene protected against hyperoxia-induced vasa-obliteration, enhanced 

physiological vascular repair, and reduced retinal neovascularization in the OIR 

model. Additional deletion of one copy of arginase 1 did not improve the vascular 

pathology. Analyses of ONoo- by quantitation of its biomarker nitrotyrosine, Oi 

by dihydroethidium (DHE) imaging and NO formation by diaminofluoroscein 

imaging showed that the protective actions of arginase 2 deletion were 

associated with blockade of 0 2 - and ONoo· formation and normalization of 

NOS activity. 

Conclusions: Our data demonstrate the involvement of arginase activity and 

arginase 2 expression in hyperoxia-induced vascular injury. Arginase 2 deletion 
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prevents hyperoxia-induced retinal vascular injury by preventing NOS uncoupling 

resulting in decreased ROS formation and increased NO bioavailability. 
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Introduction 

ROP is a major cause of vision loss in premature infants. In the United States, 

the Centers of Disease Control reports that almost 500,000 babies, one out of 

every eight, are born prematurely each year.1 Many of them develop ROP. The 

incidence of ROP is inversely proportional to birth weight and approximately 

50% of infants born weighing less than 1700 grams develop ROP.2 Clinical 

observations in human infants and studies in animal models indicate that 

exposure of the immature retinal blood vessels to relative hyperoxia damages the 

immature retinal capillaries and impairs vascular development.3 The resulting 

vascular insufficiency results in a condition of relative hypoxia as development of 

the retina continues. This upregulates growth factors, such as vascular 

endothelial growth factor (VEGF), leading to pathological angiogenesis.4
• 
29 

The mechanisms underlying the vascular injury during ROP are not fully 

understood. However, disruption of amino acid metabolism may be involved. 

Preterm infants have been shown to have a deficit in L-arginine, which is 

nutritionally essential for neonatal development.7 L-arginine is a substrate for 

both NOS and arginase. NOS catalyzes the conversion of L-arginine to NO and 

L-citrulline, whereas arginase uses L-arginine to produce urea and ornithine. 

Hepatic urea production is crucial for ammonia detoxification, and L-arginine 

deficiency in preterm infants can cause severe hypoargininemia, which results in 

hyperammonemia and organ dysfunction.7 Studies using a mouse model of OIR 
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showed that treatment of neonatal mice with supplemental arginine and 

glutamine prepared as a dipeptide reduces retinal neovascularization and led to 

vascular hyperpermeablity following hyperpoxia exposure.8 Therefore, alterations 

in L-arginine metabolism may play a role in microvascular injury. 

The products of L-arginine metabolism by NOS and arginase have been strongly 

implicated in a variety of angiogenic responses. NO can promote angiogenesis 

and also regulates vascular tone and remodeling.64
• 

74
· 

97
-99 Ornithine is 

processed to form L-proline and polyamines, important for collagen synthesis 

and cell growth, respectively. Thus, products of both enzymes are needed for 

proper vascular growth and remodeling. However, dysfunction of both enzymes 

has been implicated in vascular and retinal injury. Our previous studies have 

shown that hyperoxia-induced death of cultured retinal ECs and vasa-obliteration 

in the immature retina is associated with NOS-mediated increases in ONoo· 

formation.9· 
100 Our studies in models of diabetes and oxidative stress-induced 

vascular disease have shown that elevated arginase can lead to vascular 

dysfunction and injury by reducing the availability of L-arginine to NOS, causing it 

to become uncoupled and to form 0 2 - which reacts with NO to form ONoo· .42
• 
68 

Our studies in the OIR model also have shown the involvement of the 

mitochondrial arginase isoform, arginase 2, in hyperoxia-induced death of retinal 

neuronal cells.11 77 Thus, the overall aim of the present study was to determine 

whether the arginase pathway is also involved in hyperoxia-induced retinal 

vascular injury. Here we present data to show involvement of arginase activity 
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and arginase 2 expression in hyperoxia-induced injury of the retinal 

microvasculature. 

Results 

Hyperoxia-induced endothelial cell apoptosis 

We first determined the involvement of arginase activity in hyperoxia-induced 

endothelial cell death by using a highly selective competitive inhibitor of arginase 

A8H (1 00 ~M). 101 · 102 8RECs treated with or without A8H were maintained under 

normoxia (21 % 0 2) or hyperoxia (40% 0 2) for 48 hours and stained with 

propidium iodide. The effect of hyperoxia on apoptosis was evaluated by flow 

cytometry. This analysis showed that hyperoxia treatment caused a significant 

increase in the numbers of apoptotic cells with hypodiploid nuclei as compared 

with cells maintained in normoxia (Figure 7A, 78). Inhibition of arginase activity 

markedly attenuated hyperoxia-induced apoptosis (Figure 7 A, 78). Next, we 

quantified the accumulation of nitrite (N02"). a product of NO, in media collected 

from 8RECs exposed to normoxia or hyperoxia with and without A8H as 

described above. Nitrite accumulation was decreased in 8RECs treated with 

hyperoxia (Figure 7C). The hyperoxia-induced decrease in nitrite was prevented 

with A8H treatment (1 00 ~M). This study suggests that inhibition of arginase 

prevented hyperoxia-induced EC injury and preserved NO bioavailability. 
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Figure 7. Inhibiting arginase inhibits hyperoxia-induced cell death and preserves 
nitrite accumulation in vitro and vasa-obliteration in vivo. For in vitro studies, 
BRECs were treated with hyperoxia (40% 0 2, 5% C02) or normoxia (21% 02, 5% 
C02) with and without ABH (100 ~M) for 48 hours. Groups of cells were stained 
with propidium iodide and the percentage of apoptotrc nuclei (hypodiploid, M1) 
and normal nuclei (diploid, M2) were quantified by flow cytometry (A, B). n= 4-5, * 
P s 0.05 vs normoxia and hyperoxia treated with ABH, # P ~ 0.05 vs hyperoxic 
and normoxic treatment. NO release was detected using chemiluminescence to 
measure nitrite levels in conditioned media from the treated cells (C. n=6-9. * P ~ 
0.05 vs normoxia with or without ABH, # P s 0.05 vs hyperoxia without ABH. For 
in vivo analyses, wild type mice were treated with daily i.p. injections of vehicle 
(saline) or ABH (15mglkg) from P7 to P9 or P12. Retinal vessels were visualized 
by lectin labeling (D) and the area of capillary dropout (yellow) was quantified in 
fluorescence micrographs using lmageJ (E). n=7-9, •p s 0.05 vs saline. 

Hyperoxia-induced vasa-obliteration 

In order to evaluate the potential role of arginase activity in hyperoxia-induced 

retinal vascular injury in vivo, we performed experiments in the OIR mouse 

model. For this, mice were treated with ABH (15 mglkg/day, ip) beginning on P7 

and maintained in 70% oxygen for various times. The isolectin 84-labeled 
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retinas of mice treated with vehicle (saline) and maintained in hyperoxia from P7 

to P12, showed extensive capillary obliteration with a maximal loss at P9 (Figure 

70, 7E). This vessel loss was significantly attenuated in mice treated with A8H, 

implying a role for arginase in the vascular injury. In order to examine the role of 

arginase gene expression in this process, we performed similar experiments 

using mice lacking both copies of the arginase 2 gene alone (A2-/-) or in 

combination with deletion of 1 copy of arginase 1 (A1+/-A2-/-) . Deletion of both 

copies of arginase 1 is lethal by P1 0 due to hyperammonemia. These data show 

that the hyperoxia-induced vasa-obliteration was significantly reduced in the A2-/

mice as compared with the wild type (WT) mice (Figure 8A, 88). The area of 

vasa-obliteration in the A 1 +/-A2-/- mice was not significantly different from that in 

the mice lacking A2 alone (Figure 88), suggesting that arginase 1 is not involved 

in the hyperoxia-induced vasa-obliteration. Time course analysis showed that the 

protective effect of arginase 2 deletion was evident within one day after the onset 

of hyperoxia and persisted throughout the hyperoxia treatment (Figure 8C). In 

order to confirm that the retinas of arginase knockout mice develop normally, we 

also compared retinal morphology in tissue sections prepared from retinas of 

adult WT, A2-/- and A 1 +/-A2-/- mice. As shown in Figure 80 retinal structure is 

qualitatively normal in both lines of mutant mice. 
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Figure B. Arginase 2 deletion limits hyperoxia-induced retinal vaso-obliteration. 
Wild type (WT), arginase 2-deficient mice (A2-/-) and arginase-deficient mice 
lacking one copy of arginase 1 (A1+/-A2-/-) were placed in 70% oxygen on P7 
and prepared for analysis on P8, P9 or P12. Retinal vessels were visualized by 
lectin labeling (A) and the area of capillary dropout (yellow) was quantified in 
fluorescence micrographs using lmageJ (B, C). n = 5-9, *P s 0.05 vs WT. 
Images of hematoxylin and eosin stained cryostat sections from adult mice show 
comparable retinal morphology in WT, A2-/- and A1+/-A2-/- retinas (0, GCL: 
ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer 

· plexiform layer, ONL: outer nuclear layer, RPE: retinal pigment epithelium, scale 
bar= 50 ~m) . 

Vitreo-retinal neovascularization during relative hypoxia 

In order to assess involvement of arginase expression in the pathological 

angiogenesis that occurs during the hypoxia phase of OIR, we maintained mice 

in 70% oxygen from P7 to P12, returned them to normal atmosphere for 5 days 
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and labeled their retinas with isolectin 84 to detect the blood vessels. On P17 

extensive vitreo-retinal neovascularization was evident in the wild-type mice 

(Figure 9A). We quantified this pathological angiogenesis by measuring the area 

occupied by neovascular tufts relative to the total retinal surface area. This 

analysis revealed that the area of neovascularization in the A2-/- retina was 

significantly reduced as compared to the wild type retina (Figure 98). However, in 

the double mutant mice lacking one copy of arginase 1 as well as both copies of 

arginase 2, the neovascular tuft formation showed a pattern closer to that in the 

wild-type mice (Figure 98). 

Intra-retinal neovascularization during relative hypoxia 

We next examined the involvement of arginase expression in physiological retinal 

angiogenesis/vascular repair during the hypoxia phase of OIR. For this, we 

measured the capillary-free area relative to the total retinal surface area in the 

P17 retinas. This analysis showed that vascular repair was significantly 

enhanced in the A2-/- mice as compared with the wild-type mice (Figure 9A, 9C). 

Moreover, the capillary dropout area was slightly increased in the double 

knockout A 1 +/-A2-/- as compared with the A2-/-mice, suggesting that arginase 1 

IS not involved in the vascular damage. 
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Figure 9. Arginase 2 deletion limits pathological vitreo-retina neovascularization 
while enhancing intra-retinal neovascularization. Wild type (WT), arginase 2-
deficient mice (A2-/-) and arginase 2-deficient mice lacking one copy of arginase 
1 (A1+/-A2-/-) were maintained in 70% oxygen from P7 to P12, returned to 
normoxia for 5 days and prepared for analysis on P17. Retinal vessels were 
visualized by lectin labeling (A) and areas of vitreoretinal neovascular tufts 
(arrows) and capillary dropout (yellow) were quantified in fluorescence 
micrographs using lmageJ (B,C). n = 11-13, *P s 0.05 vs WT and A1+/-A2-/- in B 
and WT in C. 

Arginase expression during the time course of the OIR model 

Figure 1 0 shows the expression of arginase 2 in the retinas of hyperoxia treated 

mice and their room air (RA) controls. As we have reported previously, 

immunolocalization analysis showed robust immunoreactivity for arginase 2 in 
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horizontal cells of hyperoxia-treated wild-type mice (Figure 1 08). Sections 

prepared from arginase 2-deficient mice were negative, demonstrating specificity 

of the immunolabeling for arginase 2. Western blot analysis of retinal extracts 

prepared from wild type mice exposed to hyperoxia for 48 hours showed no 

change in total levels of arginase 2 as compared with the normoxia controls 

(Figure 10A). Similarly, western blots of mouse retinas prepared after 6, 12, or 24 

hours of hyperoxia exposure to mice's retinas showed no change in total levels of 

arginase 2 as compared with the normoxia controls (data not shown). 

Formation of ONOO- , 0 2·· and NO during hyperoxia 

Previous studies have linked arginase activity to vascular dysfunction and injury 

by a mechanism involving reduced supply of L-arginine to NOS, leading to its 

uncoupling and increased formation of 0 2 • which reacts rapidly with NO to 

produce ONoo· .41 Our previous studies have shown that hyperoxia-induced 

degeneration of retinal microvascular ECs is associated with increased NOS

dependent ONoo· formation.9· 
100 To examine the involvement of arginase 2 in 

this process, we assayed nitrotyrosine levels in wild -type and arginase 2-

deficient mice following hyperoxia exposure. While ONoo· is short-lived at 

physiological pH, nitrotyrosine is a stable end product of the ONoo· reaction with 

tyrosine residues in proteins. 
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Figure 10. Hyperoxia treatment and arginase 2 expression in 0/R retinas. Wild 
type mice (WT) and mice wild type for arginase 1 and deficient in arginase 2 (A2-
/-) were placed in 70% oxygen (OIR) or room air (RA) on P7 and prepared for 
analysis on after 24 (A) or 48 hr (A,B). Western blot analys1s (A) showing 
arginase 1 and 2 levels following nonnoxia and hyperoxia treatment. n=5. 
Immunofluorescence imaging (B) of arginase 2 and calbindin in retinal 
cryosections shows that arginase 2 (red) is highly expressed in horizontal cells 
(green). Scale bar= 50 ~m. n = 3. 
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Thus, nitrotyrosine serves as a biomarker for ONoo-.103
-
105 Our analysis 

demonstrated a two-fold increase in levels of nitrated proteins in retinas of 

hyperoxia-treated wild -type mice as compared with the normoxia controls 

(Figure 11A, 11 B). By contrast, nitrotyrosine levels remained low in the 

hyperoxia-treated arginase 2-deficient mice, suggesting involvement of arginase 

2 expression in the hyperoxia-induced increase in ONoo- formation. 

To examine the involvement of NOS uncoupling in this process, we used DHE 

imaging to determine the effects of the hyperoxia treatment on NOS-dependent 

formation of 0 2 - in flash frozen retina sections pre-treated with and without the 

NOS inhibitor L-NAME. This analysis showed a two-fold increase in DHE 

fluorescence intensity in the retinas of the hyperoxia-treated wild-type mice 

compared with the normoxia controls (Figure 11 C, 11 D). Since DHE can be 

oxidized by other ROS beside 0 2 -.
106 Control experiments were performed using 

SOD which catalyzes the conversion of Oi- to hydrogen peroxide. SOD 

treatment markedly blunted the DHE fluorescence, indicating involvement of Oi

in the reaction. The hyperoxia-induced increase in DHE fluorescence was also 

markedly reduced by pre-treatment of the retinal sections with the NOS inhibitor 

L-NAME, This implies that NOS activity is an important contributor to 0 2 -

production. Moreover, the hyperoxia-induced increase in DHE staining was 

suppressed in the arginase 2-deficient mice. Taken together, these data suggest 

that arginase 2 has an important role in hyperoxia-induced 0 2 - formation by a 

mechanism involving NOS uncoupling. 
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We further examined the role of arginase 2 expression in hyperoxia-induced 

NOS dysfunction by analyzing NO formation using DAF-FM imaging of retinal 

sections from wild type and arginase 2-deficient mice pre-treated with and 

without L-NAME. The NO signal was markedly reduced in sections from 

hyperoxia-treated wild-type mice as compared with the other groups (Figure 11 E, 

11 F). By contrast the NO signal was preserved in the retinas of the hyperoxia

treated arginase 2-deficient mice. L-NAME treatment abrogated the DAF-FM 

signal in both wild-type and arginase 2-deficient retinas, demonstrating specificity 

of the reaction for NO. These data indicate that arginase 2 deletion preserves 

normal NOS function and NO formation in the OIR mouse model. 
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Figure 11. Arginase 2 deletion prevents hyperoxia-induced increases in retinal 
nitrotyrosine (A) and Oz· (C) levels and preserves NO formation (E). Wild type 
0NT) and mice wild type for arginase 1 and deficient in arginase 2 (A2-/-) were 
placed in 70% oxygen (OIR) or room air (RA) on P7 and prepared for analysis on 
P8. Nitrotyrosine levels in retinal samples were detected by slot blot (A) and 
quantified using lmageJ software (8). n=6, *P s 0.05 vs WT-RA, # P ~ 0.05 vs 
WT-OIR. DHE imaging of 02 · formation was performed using flash-frozen retinal 
sections (C). Results were quantified using a Metamorph Imaging System (D). 
n=3-5, scale bar= 50 ~m. ,* P ~ 0.05 WT-OIR vs all groups; # = P ~ 0.05 vs WT
OIR. t P < 0.05 vs WT-OIR. NO formation in situ was determined by DAF-2-DA 
fluorescence imaging (E). Results were quantified using a Metamorph Imaging 
System (F). n=3, scale bar = 50 ~m. * P ~ 0.05 vs WT-RA, # P ~ 0.05 vs WT 
OIR, t P < 0.05 vs WT-RA, A2-/-0IR, A2-/-RA. 
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Discussion 

Hyperoxia-induced obliteration of newly formed blood vessels in the immature 

retina has been well established as a primary mediator of ROP.3 Our previous 

studies in vivo and in vitro have shown involvement of NOS-mediated increases 

in ONoo- formation in hyperoxia-induced vasa-obliteration and EC death.100
· 

107 

Now we demonstrate involvement of the arginase enzyme in this pathology. 

Studies in retinal ECs showed that treatment with the specific arginase inhibitor 

ABH blocked hyperoxia-induced apoptosis and preserved NO availability. In vivo 

experiments using the mouse OIR model showed that inhibition of arginase 

activity or deletion of the arginase 2 gene significantly reduced hyperoxia

induced vasa-obliteration. Deletion of arginase 2 also limited pathological 

vitreoretinal neovascularization while enhancing vascular repair during the 

relative hypoxia phase of OIR. Interestingly, deletion of one copy of the arginase 

1 gene in combination with both copies of arginase 2 was less effective in 

reducing vitreoretinal neovascularization. This suggests that arginase 2 is the 

predominant isoform involved in vascular injury. lmmunoblot analyses of the 

ONoo- biomarker nitrotyrosine showed that deletion of the arginase 2 gene also 

limited ONoo- formation. Our studies further indicated that arginase 2 

expression is involved in hyperoxia-induced 0 2 - formation by a mechanism 

requiring activity of NOS. Moreover, NO formation by NOS was suppressed in 

retinas of hyperoxia-treated mice, and the hyperoxia-induced suppression of NO 

formation was prevented in arginase 2-deficient mice. Taken together, these data 



42 

indicate that hyperoxia-induced vascular injury is mediated by arginase 2-

induced uncoupling of NOS. 

Interestingly, pathological neovascularization was slightly increased in mice 

lacking 1 copy of arginase as well as both copies of arginase 2 as compared with 

the mice lacking both copies of arginase 2 alone. Therefore, we performed 

additional studies to determine the impact of arginase 1 deletion on vascular 

regrowth into the area of vaso-obliteration following hyperoxia treatment. The 

data show that deletion of 1 copy of arginase 1 impairs vascular repair during the 

hypoxic phase of the OIR model (manuscript in preparation). The mechanisms 

controlling expression and function of arginase 1 and 2 in the retina are as yet 

unknown. However, studies using human lung ECs have shown that HIF-2 

regulates arginase 2 expression and activity during hyperoxia treatment.36 In 

addition, ROS-induced upregulation and activation of EC arginase 1 is mediated 

by sequential activation of the RhoA/ROCK system leading to p38 MAPK 

activation and resulting in elevation of the transcription factor AP1.37
· 

42 In 

models of atherosclerosis, liver X receptors (LXRs) are found to regulate 

macrophage arginase 143 while arginase 2 in ECs is regulated by epigenetic 

mechanisms involving the activity of histone deacetylase 2.44 In the immune 

system, arginase 1 in macrophage can be regulated by the PTEN pathway.45 

This study is the first that we know of to show that inhibiting the arginase enzyme 

or deleting the arginase 2 gene limits hyperoxia-induced injury of immature 
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retinal vessels. Interestingly, a previous study reported that higher levels of 

arginase 2 mRNA and an apparent decrease in iNOS activity were associated 

with decreases in neuronal cell injury during the hypoxia phase of OIR in mice 

that lack the TNFa gene, implying a neuroprotective role for arginase 2 in OIR.95 

However, our previous studies have shown that deletion of arginase 2 prevents 

hyperoxia-induced death of retinal neurons during both the hyperoxia and relative 

hypoxia phases of OIR. 11
· 

77 Neuronal cell death was found to be mediated by a 

process involving hyperoxia-induced increases in polyamine oxidation.11 Studies 

are now in progress to examine the involvement of alterations in polyamine 

metabolism in retinal vascular injury during OIR. Further study is required to 

reconcile this discrepancy between the effects of arginase 2 deletion in limiting 

neuronal and vascular injury as shown in our current and previous studies and 

the association between upregulation of arginase 2 and decreased neuronal 

injury as shown in the TN F-a deficient mice. 

Our data showing decreases in 0 2 ·and ONoo· along with increases in NO 

formation in the arginase 2-deficient retina strongly indicate involvement of 

arginase 2-mediated uncoupling of NOS in the hyperoxia-induced vascular injury 

during OIR. One limitation of our results is that we were unable to detect any 

change in the total amount of arginase 2 protein in the 01 R retinas. The lack of 

an effect of OIR on arginase 2 protein expression can be explained by the fact 

that arginase 2 is localized mainly in mitochondria and expression levels are low 

in most cell types. As shown in Figure 108, arginase 2 is strongly expressed in 
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horizontal cells which are few in number and restricted to a single layer at the 

outer border of the inner nuclear layer. The arginase 2 signal appears elevated 

in the horizontal cells of the OIR retina as compared with the room air controls. 

However, our previous work has shown that horizontal cells undergo 

degeneration in the OIR retina as indicated by TUNEL labeling within calbindin

positive horizontal cells and decreases in the number of calbindin-positive cells. 

By contrast horizontal cell death is limited in the A2-/-mice.11 Thus, the 

hyperoxia-induced increase in arginase 2 expression may be offset by decreases 

in the number of arginase 2-positive cells. It is possible that arginase 2 activation 

is involved in hyperoxia-induced horizontal cell death. The role of retinal 

horizontal cells in the control of retinal vascular survival and function is not yet 

known. However, the horizontal cells are distributed in a network across the 

entire retina and their processes are in contact with the photoreceptors, bipolar 

cells and amacrine cells as well as with the outermost layer of retinal 

vessels.108
• 

109 They are known to modulate signaling between photoreceptors 

and bipolar cells. 110 An important function of horizontal cells is sending inhibitory 

signals to enhance spatial contrast of image.110 Therefore, it is likely that loss of 

horizontal cells leads to a poor vision outcome in ROP patients. Our previous 

work has shown that arginase 2 deletion reduces OIR-induced impairment of 

visual function as shown by electroretinography.77 Thus, horizontal cells are 

ideally positioned to regulate microvascular function in relation to neuronal 

activity. The specific functions of these neurovascular interactions are as yet 
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unknown. Further study is needed to elucidate the role of horizontal cell 

alterations in the vascular and neuronal injury during ischemic retinopathy. 

Due to the limited resolution of fluorescent microscopic imaging and the small 

volume of vascular tissue in the 10 IJm frozen sections used for our 

immunolocalization studies, we were unable to clearly localize arginase 2 within 

the retinal vascular cells. Our previous analyses have demonstrated arginase 2 

expression in retinal vessels isolated from mice as well as in cultured BRECs.78 

More studies are needed to determine the specific effects of hyperoxia exposure 

on arginase 2 expression and activity in vascular ECs. 

Our finding that deletion of arginase 2 in mice prevents hyperoxia-induced 

obliteration of the retinal vasculature while preventing NOS-dependent ROS 

formation and preserving NO availability is consistent with previous studies 

showing involvement of excessive arginase 1 in hyperoxia-induced vascular 

injury in the developing lung31 and excessive arginase 2 in vascular dyfunction 

associated with atherosclerosis and aging?2
· 

34
• 

111 Moreover, in other retinal 

disease models, including acute inflammation and diabetes, excessive arginase 

1 has been shown to dysregulate endothelial function through interfering with 

NOS function.69· 
74 These differences suggest that differences in vascular 

maturity, target tissue and/or specific disease-associated triggers determine the 

arginase isoform involved in vascular injury. 
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Further work is needed to define the specific mechanisms by which arginase 2 

deletion limits ROS formation, preserves NOS function and protects retinal 

vessels during hyperoxia treatment. Several studies have shown that arginase 2 

upregulation in ECs causes vascular dysfunction and injury via NOS 

uncoupling.31
· 

32
· 

34 It is possible that hyperoxia-induced activation of arginase 2 

triggers NOS uncoupling by depleting L-arginine, oxidizing BH4 and/or increasing 

endogenous methylarginine, all of which can lead to a reduction in NO availability 

and an accumulation of ROS.112 A previous study using the OIR mouse model 

indicated that eNOS over-expression reduced BH4, leading to vascular injury 

during hyperoxia.66 Arginase 2 activation can also increase oxidative stress in 

multiple cell types by increasing polyamine oxidation due to activation of the 

ornithine/polyamine pathway. Our previous studies have shown that arginase 2 

deletion limits hyperoxia-induced increases in oxidative stress and reduces injury 

and death of the retinal neurons by a mechanism involving suppression of 

hyperoxia-induced activation of polyamine oxidase.11 Arginase 2 deletion also 

limits microglial activation in our OIR model (manuscript in preparation). Studies 

are in progress to better understand the relationship between neuronal and 

vascular cell injury and the role of the arginase pathway in this pathology. 
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Conclusions 

In summary, clinical studies have shown low levels of L-arginine and L-glutamine 

in infants with ROP,7 and treatment with an arginyl-glutamine dipeptide 

supplement was found to lessen vascular damage in the OIR mouse model.8 The 

reduction in L-arginine appears to involve upregulation of arginase activity. 

Excessive arginase activity is not only involved in L-arginine deficiency, but it is 

apparently associated with enhanced polyamine production along with polyamine 

oxidation, which is toxic to cells. Our studies suggest that limiting arginase 

activity, particularly arginase 2, is a promising means of treating oxidative stress

related retinopathy. 
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Materials and methods 

Cell culture analysis and NO measurement 

Primary cultures of BRECs were prepared as described previously.113 Cells from 

passages ~8 were used in all experiments. Cells were maintained in M199 

supplemented with 10% FBS, 10% CS-C complete medium, 2 mM glutamine, 

100 U/ml penicillin, and 100 tJg/ml streptomycin at 3r C in a humidified C02 

incubator. For analysis of hyperoxia effects on apoptosis, BRECs were grown to 

70% confluence and switched to serum-free medium. The next day they were 

placed in a hyperoxic (40% 0 2, 5% C02) or normoxic (21 % 0 2, 5% C02) 

environment for 48 h as described by us previously.100 Cells were treated with or 

without ABH (100 !JM}. To quantify apoptosis, cells were trypsinized , washed with 

phosphate buffered saline (PBS) and resuspended in propidium iodide (PI) 

solution (0.1% Triton, 0.1% sodium citrate, and 50 mg/ L PI, Sigma-Aldrich, St. 

Louis, MO) for one hour.114 A minimum of 30,000 cells/sample were analyzed on 

a flow cytometer (BD Accuri™ C6, San Jose, CA) using a 488-nm laser line for 

excitation and > 600 nm for detecting on emission. The percentage of apoptotic 

(M1) and normal nuclei (M2) was obtained by analysis of the DNA histogram. For 

analysis of NO release, conditioned media (200 !JI} was collected from cells 

treated as described for the apoptosis study, treated with ethanol (200 !JI) to 

remove proteins and refluxed in sodium iodide/glacial acetic acid to convert N0 2-

to NO. NO was measured via NO-specific chemiluminescence after reaction with 
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ozone using a Sievers NO analyzer (GE Analytical Instruments, Boulder, C0).115 

Net N02- release from cells treated with ABH or vehicle under norm oxic or 

hyperoxic condition was calculated after subtracting N02- content in the base 

media. 

Ethics statement 

All procedures with animals were carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health. The protocol was approved by the Institutional of 

Georgia Regents University Animal Care and Use Committee (Animal Welfare 

Assurance no. A3307-01). Euthanasia was performed by thoracotomy under 

avertin (2, 2, 2 tribromoethanol, Sigma) anesthesia, and all efforts were made to 

minimize suffering. 

Treatment of animals 

Experiments were performed with C57BU6J WT mice and mice deficient in 

arginase 1 and/or arginase 2 (A1+/-A2-/-, A1+/-A2+/+, A1+/+A2-/-). These lines 

were developed by Drs. S. D. Cederbaum116 and W. E. O'Brien117 and were 

provided by Dr. Cederbaum with the permission of Dr. O'Brien. Some mice were 

treated with the arginase inhibitor ABH (kindly provided by Dr. Dan Berkowitz). 
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Room temperature was maintained at 20°C, and illumination was provided by 

standard fluorescent lighting on a 12-hour light-dark cycle. 

OIR was induced in newborn mice according to the protocol of Smith et al. with 

some adjustment. 118 On P7, mice were placed along with their dams into 70% 

oxygen for up to 5 days, after which they were transferred back to room air. The 

70% oxygen concentration was used because the mutant mice do not tolerate 

75% oxygen treatment. The animals were then sacrificed at various times. 

Following deep anesthesia with Avertin (250 mg/kg, ip), mice were euthanized by 

thoracotomy and the eyeballs were taken out and fixed in 4% paraformaldehyde 

(PFA) overnight. Retina flat-mounts were dissected and labeled with biotinylated 

Griffonia simplicifolia isolectin 84 (Vector Laboratories). Retinas were viewed 

with fluorescence microscopy (Axiophot, Zeiss, Chester, VA) and the images 

captured in digital format (Spot System; Diagnostic Instruments, Sterling Heights, 

Ml). Central capillary dropout was determined using lmage-J software.118 

Histology and morphology of retina crosssections 

Retinal morphology was studied on retinal cryostat sections from wr, A2-/-, and 

A 1 +/-A2-/- OIR adult mice. Sections (1 0 ~m) containing the optic nerve were 

collected 20 ~m apart from one another, and stained with hematoxylin and eosin 

(H&E, Fisher Scientific). 
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Immunofluorescence 

Eyes were removed , fixed in 4% paraformaldehyde, and washed in PBS and 

retinas were isolated and cryoprotected. Cryostat sections (10 IJm) were 

permeabilized in 1% Triton (20 min) and blocked in 10% normal goat serum 

containing 1% BSA (1 h). Sections were then incubated overnight in primary 

antibodies (4°C): (rabbit polyclonal anti-arginase 2, 1:250, Santa Cruz 

Biotechnology, Dallas, TX; mouse monoclonal anti-calbindin, 1:200, Sigma

Aldrich, St. Louis, MO) followed by reaction with fluorescein or Texas red 

conjugated secondary antibodies (life Technologies, Grand Island, NY), washed 

in PBS and mounted with Vectashield (Vector Laboratories, Burlingame, CA). 

Western blotting 

Retinas were homogenized in a modified RIPA buffer [20 mmoi/L Tris-HCI (pH 

7.4), 2.5 mmoi/L ethylenediamine tetraacetic acid, 50 mmoi!L NaF, 10 mmoi/L 

Na4P20 1, 1% TritonX-100, 0.1% sodium dodecyl sulfate, 1% sodium 

deoxycholate, 1 mmoi/L phenylmethyl sulfonyl fluoride] and 10 IJg protein 

samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis, transferred to nitrocellulose membrane, and reacted with 

antibodies (chicken polyclonal anti-arginase 1 antibody, 1:20,000, kindly provided 

by Dr. Sidney Morris; rabbit polyclonal anti-arginase 2 antibody, (1 :250, Santa 

Cruz Biotechnology, Dallas, TX) followed by horseradish peroxidase-linked 

secondary antibody and enhanced chemiluminescence (Amersham Pharmacia, 
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San Francisco, CA). Membranes were stripped and reprobed for 13-actin to 

demonstrate equal loading. 

Nitrotyrosine slot blot 

Relative amounts of proteins nitrated on tyrosine were measured by use of a slot

blot technique. Assay lysate was transferred onto nitrocellulose membrane using 

a slot-blot microfiltration unit (Bio-Rad Laboratories, Hercules, CA). Nitrotyrosine 

was detected by use of a mouse monoclonal anti-nitrotyrosine antibody (Cayman 

Chemical, Ann Harper, Ml) followed by horseradish peroxidase-conjugated 

secondary antibody (1 :2000, GE Healthcare Bio-Sciences, Pittsburgh, PA). 

Immunoreactive proteins were detected using the enhanced chemiluminescence 

(ECL) system (GE Healthcare Bio-Sciences, Pittsburgh, PA). Relative levels of 

nitrotyrosine immunoreactivity were determined by Image J software. 

DHE fluorescence imaging of 02.-

0 2 - production was evaluated in retinal frozen sections by the DHE method, as 

described previousty?0 Briefly, frozen sections were preincubated in NADPH 

(100 J.JM) with or without PEG-SOD (400 U/ml) or the NOS inhibitor L-NG

nitroarginine methyl ester (L-NAME, 100 J.Jmol,1 mM) for 20 minutes, followed by 

reaction with DHE (2 J.JM) for 20 minutes at 3rc. DHE images from serial 

sections treated with or without inhibitors were obtained using a fluorescence 
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microscope (AxioVision; Carl Zeiss, Thornwood, NY). DHE was excited at 470 

nm with an emission spectrum of 610 nm. The images were analyzed for 

intensity using computer-assisted morphometry (Metamorph Image System; 

Molecular Devices, Downingtown, PA). 

Diaminofluorescein diacetate imaging of NO 

NO production was evaluated in retinal frozen sections using 4,5-

diaminofluorescein diacetate (OAF-2 DA, EMD Millipore, Billerica, MA).70 Briefly, 

frozen sections were pre-incubated with HEPES or the NOS inhibitor L-NG

nitroarginine methyl ester (L-NAME; 100 1-1mol (1 mM) for 20 minutes, followed by 

reaction with DAF-2 OA for 20 minutes at 3rC. Slices were then washed 3 times 

for total of 15 min with fresh HEPES. NO images from serial sections treated with 

or without inhibitors were obtained using a fluorescence microscope (AxioVision). 

OAF was excited at 488 nm with an emission spectrum at 515 nm. The images 

were analyzed for intensity (Metamorph Image System). 

Statistical analysis 

All data were summarized as means ± SEM. Statistical methods were used to 

compare treatment groups and determine significance of observed differences in 

all experiments. In each case the data were reviewed to see how well they fit the 

assumptions of the tests. In most cases the comparisons were between multiple 



54 

groups and the overall differences were analyzed by ANOVA followed by Tukey 

multiple comparison to evaluate group differences. P values < 0.05 were taken 

as significant. 
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Abstract 

Background: Previous studies have shown that deletion of arginase 2 (A2) limits 

vascular injury in the mouse model of OIR by reducing hyperoxia-induced 

increases in oxidative and nitrative stress. We have now examined the 

involvement of arginase 1, microglial activation and autophagic flux in this 

process. 

Methods: Studies were performed using hyperoxia-treated bovine retinal 

endothelial cells (BREC) and the mouse model of OIR. Morphometry, 

immunolocalization, western analysis and quantitative PCR were used to 

examine treatment effects on retinal vascular injury and repair in relation to 

expression of arginase 1, as well as microglial activation and autophagic markers 

and mediators. 

Results: The vasa-protective effects of arginase 2 deletion in the OIR retina 

were associated with marked upregulation of arginase 1, downregulation of 

microglial activation and elevation of autophagic flux as shown by increased 

formation of LC3B-II , decreased levels of p62/sequestosome 1 and increases in 

upstream autophagic mediators, including PUMA, IL-6, and ERK activation. 

Conclusion: Arginase 2 deletion prevents hyperoxia-induced retinal vascular 

injury by mechanisms involving upregulation of arginase 1 expression, inhibition 

of microglial activation and activation of autophagic flux. 
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Introduction 

ROP is a major cause of childhood blindness. Although medical technologies, 

such as cryotherapy and laser photocoagulation, are available for ROP 

treatment, neither restores full visual function of ROP patients. ROP is a 

biphasic disease. Phase one is characterized by hyperoxia-induced increases in 

oxidative and nitrative stress leading to degeneration of the immature retinal 

vasculature. The vascular damage creates avascular areas, which become 

relatively hypoxic and result in the upregulation of vascular growth factors. This 

triggers uncontrolled growth of pathological vessels in phase two. These vessels 

may infiltrate the vitreous and cause retinal detachment.4
• 

6 Since ROP is initiated 

by a pathological condition in which the developing retinal vessels are 

damaged,4-6 preventing vascular injury in the early phase would improve visual 

outcomes. 

Premature infants have a deficit in L-arginine, a semi-essential amino acid that is 

needed for organ development? Dysregulation of L-arginine metabolism has 

been implicated in vascular diseases due to reciprocal dysregulation of the 

NOS/arginase enzymes.50 67
· 

71 Our previous studies have demonstrated the 

involvement of the urea-cycle enzyme arginase in OIR, a model for studying 

ROP. Our data show that inhibition of arginase activity or deletion of the arginase 

2 gene significantly abrogates hyperoxia-induced vaso-degeneration?9 

Consequently, limiting arginase activity limits pathological vitreoretinal 

neovascularization, while enhancing vascular repair during the relative hypoxia 
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phase of the OIR model.79 Deletion of the arginase 2 gene also preserves NO 

and attenuates 0 2 • and ONoo· formation, reducing oxidative and nitrosative 

stress, which is an important contributor to neuronal and vascular injury and 

death and glial activation. 11
· 

77
· 
79 

Our previous study showed that deleting the arginase 2 gene significantly 

reduces vascular injury during the hyperoxia phase of OIR and limits pathological 

retinal neovascularization during the hypoxia phase. On the other hand, 

additional deletion of arginase 1 in arginase 2-deficient mice aggravates 

pathological neovascularization in the hypoxia phase.79 Accordingly, limiting 

arginase 1 activity in the OIR retinas appears to enhance vascular injury. 

Therefore, the role of arginase 1 in 01 R-induced retinal injury was further 

assessed in this study. 

Previous studies have implicated microglial cell activation in oxidative/nitrosative 

stress-induced retinal vascular injury.95 Microglia have also been shown to play 

an important role in promoting retinal vascular development and repair. 119
• 

120 

Therefore, we also investigated the relationship between arginase 2 expression 

and microglial activation in OIR. 

Our recent studies have shown that deleting arginase 2 prevents neuronal and 

vascular cell death during OIR.11
· 

77
· 

79 Also, limiting arginase activity in bovine 

retina ECs (BRECs) was found to prevent hyperoxia-induced endothelial cell 
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apoptosis.79 Taken together, these results suggest that hyperoxic stress 

mediates cell death through arginase. Under similar stimuli, crosstalk between 

autophagy and apoptosis is known to decide cell fate: either survival or death. 

Previous studies in the OIR rat model have shown that enhancing the 

autophagic machinery reduces OIR-induced retinopathy.93 Prior studies using a 

cell culture model of premature endothelial cell senescence have also shown that 

arginase 2 and the mammalian target of rapamycin (mTOR) reciprocally regulate 

each other.121 Inhibiting the mTOR pathway with rapamycin (an autophagic 

enhancer) suppresses arginase 2 protein expression and prevents cell injury by 

normalizing NOS function.96
· 

122 These supportive data led us to examine 

autophagy as a possible mechanism for the vase-protective effects of arginase 2 

deletion in the OIR model. 
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Results 

Effects of hyperoxia on arginase protein expression in BRECs 

Hyperoxia treatment has been shown to induce apoptosis of BRECs.10• 79 To 

examine the potential role of arginase expression in this hyperoxia induced 

injury, BRECs were maintained in a hyperoxic chamber for 48 hours and effects 

on arginase protein expression were determined by Western blot. Hyperoxia-

treated BRECs markedly decreased arginase 1 while increased arginase 2 as 

compared with controls (Figure 12). This suggests that hyperoxia-induced EC 

injury involves downregulation of arginase 1 and upregulation of arginase 2. 

NormOX13 Hyperox1a 

...._. ____ _ 13-aclln 

Arginase 2 

13-acltn 

Figure 12. Arginase protein expression in hyperoxia-treated BRECs. Western 
blot analysis showed arginase 1 and 2 levels following 48 hours normoxic and 
hyperoxic treatment in BRECs. Arginase 1 was decreased with hyperoxic 
treatment while arginase 2 was increased as compared to controls. (n= 8-10, * p 
<0.05 vs normoxic controls) 
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Effect of arginase 1 deletion on vessel loss in the OIR mouse model 

Next, arginase1 heterozygous knockout (A1+/-) mice were used to examine the 

involvement of arginase 1 in OIR-induced vascular injury. Deletion of both copies 

of arginase 1 is lethal due to hyperammonemia, so we used mice lacking 1 copy 

of arginase 1 which is sufficient to dampen its activity.69· 74• 123 Morphometric 

analysis of the vasa-obliteration area, as shown by labeling of the retinal vessels 

with isolectin 84, revealed that the avascular area was significantly increased in 

the retinas of A 1 +/- OIR mice as compared with the WT control (Figure 13A, 

138). This result suggests that arginase 1 expression may have a role in the 

vasa-protective action of arginase 2 gene deletion. 

WT-OIR A1+!-0IR 

Figure 13. Arginase 1 deletion increases hyperoxia-induced vasa-obliteration. 
WT and A 1 +/- mice were placed in 70% oxygen on P7 and prepared for analysis 
on P17. Retinal vessels were visualized by lectin labeling (A) and the area of 
capillary dropout (yellow) was quantified using image J. Capillary dropout area of 
A 1 +/- was significantly increased as compared with WT control. (A-8 , n = 7-11 , 
*P s 0.05 vs WT) 
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Effect of arginase 2 deletion on arginase 1 expression in the OIR retina 

Previous western blot analysis did not show a difference in total levels of 

arginase 1 protein expression between WT control, WT-OIR retinas and A2-/-

0IR retinas?9 However, arginase 1 is expressed in many different retinal cell 

types and expression patterns may be differentially altered in the central zone of 

vase-obliteration where hyperoxia-induced injury is high versus the peripheral 

retina where hyperoxia-induced injury is minimal. Therefore, we further 

characterized arginase 1 distribution within the zone of vase-obliteration. 

Immunofluorescence analysis revealed that after 24 hours of hyperoxia treatment 

arginase 1 immunoreactivity is markedly increased in the central avascular zone 

of the A2-/-0IR retinas (Figure 14A, 148). Quantitative PCR analysis also 

showed a significant increase in arginase 1 mRNA in the A2-/-0IR retinas as 

compared to the wild-type controls after 24 hours of hyperoxia treatment (Figure 

14C). Therefore, the vase-protective effect of arginase 2 deletion is associated 

with an increase in the expression of arginase 1 in the OIR retina. 
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Figure 14. Influence of arginase 2 deletion on arginase 1 expression in the 0/R 
retinas. wr and arginase 2-deficient mice (A2-/-) were placed in 70% oxygen on 
P7 and prepared for cryosection on P8. Immunofluorescence imaging revealed a 
significant increase of arginase 1 immunoreactivity (green) in the central 
avascular zone of the A2-/- OIR retina as compared with the wr and A2-/
controls (A). (B) Immunofluorescence images were quantified using Metamorph 
Imaging System. (n=5, scale bar =50 ~m. * P s 0.05 A2-/- OIR, vs Wf-RA, Wf
OIR, and A2-/-RA) (C). RT-PCR showed a significant increase in arginase 1 
mRNA in the A2-0IR retinas (n= 8-12, * p<0.05 vs Wf-RA). 

Effect of arginase 2 deletion on microglial activation 

Under normal conditions, resting microglial cells are highly ramified with long 

dendritic processes that radiate through many different retinal planes, which 

makes them difficult to identify in serial sections. Therefore, we quantified them in 

images taken from flat-mounted retinas using confocal microscopy. In the zone of 

vase-obliteration of the A2-/- OIR group, there are many more ramified microglial 
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cells than in the WT-OIR group (Figure 15). Most of the microglial cells in the 

WT-OIR group display an ameboid shape, with large cell bodies and short, 

swollen processes. Quantitation of the ratio of resting (ramified) to activated 

(ameboid) microglia showed a significantly greater number of ramified microglia 

in the A2-/- OIR retinas. 

A B 

WT -OIR A2-/-0IR 

Figure 15. Immunofluorescence imaging of microglia by lsolectin 84 lectin (red) 
staining on PB flatmount retinas at the capillary dropout area of the OIR retina 
(n=3, scale bar =50 pm). Activated (amoeboid) microglia are indicated by 
asterisks. Ramified microglia are indicated by arrows. 

Effect of arginase 2 deletion on autophagy 

Hyperoxia treatment also increased levels of the autophagic marker, LC38-II, in 

the A2-/-0IR retinas (Figure 16A). Levels of p62 protein, sequestosome 1, were 

decreased 1n the A2-0IR retinas. Because p62 accumulates when autophagic 

flux is inhibited, and decreases when autophagic flux is induced,124 the p62 

decrease suggests that autophagic flux is increased in the A2-/- OIR retina 
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(Figure 16A). To further assess the involvement of autophagy in OIR-induced 

retinal injury, we treated WT and A2-/- OIR mice with the autophagy inhibitor 

chloroquine (i.p. 100 mg/kg/day, p7 to p8) and measured the area of vaso

obliteration . The WT-OIR treated mice had no change in capillary dropout area 

as compared with the vehicle-treated controls (PBS, Figure 16B-16C). By 

contrast, the vaso-protective effect of the A2 gene deletion was lost in the 

chloroquine treated A2-/-0IR mice. Vaso-obliteration in the chloroquine treated 

A2-/- mice was comparable to that in the WT-OIR retinas. In other words, the 

vaso-protective effect of arginase 2 deletion was abrogated by the blockade of 

autophagy. 
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Figure 16. Arginase 2 deletion enhances autophagy in the OIR mouse model. 
(A) Western Blot analysis for LC3-II and p62/sequestosome 1 in the A2-/-0IR 
retinas. LC3-IIB was increased in the A2-/- OIR retinas as compared with the 
WT-OIR controls at P9. (n= 8, •p s 0.05 vs WT-OIR), while p62 was decreased in 
the A2-/- OIR retinas as compared with the WT controls (n= 5, •p s 0.05 vs WT
OIR). Autophagy inhibition abrogates a vasa-protective effect in A2-/-0IR retinas. 
(B) WT and arginase 2-deficient mice (A2-/-) were treated with PBS or 
chloroquine (CQ) (100 mglkg, ip, daily), placed in 70% oxygen on P7 and 
prepared for analysis on P9. Retinal vessels were visualized by lectin labeling 
(B) and the area of capillary dropout (yellow) was quantified in fluorescence 
micrographs using NIH imageJ (C, n = 4-8, •p s 0.05 vs all groups). 
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We next explored upstream autophagic pathways involved in the vascular 

survival. IL-6 is an angiogenic factor and autophagic regulator.12
5-

127 Quantitative 

PCR analysis showed significant increases in levels of IL-6 mRNA 

expression125
-
127 in the A2-/-0IR retinas as compared with the WT-OIR and WT

N retinas after 8 hours of hyperoxia treatment (Figure 17 A). ERK activation has 

also been reported to induce autophagy during development.81
· 

82
· 

127
· 

128 

Western blot analysis of total retinal lysate showed no change in p- ERK levels in 

the WT or A2-/- retinas after hyperoxia treatment (data not shown). 

However, an immunofluorescence imaging study showed that p-ERK 

immunoreactivity was markedly elevated within the central zone of vase

obliteration in the hyperoxia-treated A2-/- retinas (Figure 17C). mRNA levels of 

PUMA, another crucial mediator of autophagy in the context of retinal 

development, were also significantly increased by hyperoxia treatment in the 

A2-/-0IR retinas as compared with the WT controls (Figure 178). These data 

suggest that arginase 2 deletion limits OIR-induced vascular injury through a 

mechanism associated with autophagy. 
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Figure 17. Arginase 2 deletion upregulates autophagic mechanisms in the OIR 
mouse model. (A, B) IL-6 and PUMA mRNA expression of Wf-OIR and A2-/-
0IR were analyzed at 8 and 24 hours after hyperoxia treatment, respectively. 
The A2-/- OIR had a significant increase in IL-6 and PUMA as compared with the 
wr controls (n=7-11, *P s 0.05 vs Wf). (C) lmmunolocalization of p-ERK 
expression in central zone of vasa-obliteration after 24 hours hyperoxic 
treatment: the A2-/-0IR retinas had a marked increase in Erk phosphorylation 
(n= 3-4, scale bar =50 IJm). 
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Discussion 

The effects of hyperoxia in causing vasa-obliteration in the immature retina are 

well-established.2• 
4

• 
20

· 
28

"
30

• 
118 Our previous studies using OIR models have 

shown that limiting arginase activity limits hyperoxia-induced vascular cell 

death.79 We also have shown that deletion of arginase 2 prevents hyperoxia

induced 0 2·• and ONoo· formation derived from NOS uncoupling, leading to 

enhanced endothelial cell survival.79 In this study, we have examined additional 

mechanisms underlying this vasoprotection. Our results implicate arginase 2 in 

the OIR-induced vascular injury, while arginase 1 is protective in the OIR context. 

The vasa-protective effect of arginase 2 deletion in the OIR retinas is associated 

with marked upregulation of arginase 1 and is accompanied by preservation of 

resident microglia, enhancement of autophagy and elevation of IL-6, PUMA and 

ERK phosphorylation. 

Our previous work showed that an arginase 2-induced increase in oxidative and 

nitrative stress is a major contributor to hyperoxia-induced retinal injury in OIR.79 

This process could activate microglia leading to inflammation and further injury. 

Our data showing that deletion of the arginase 2 gene prevents microglial 

activation supports this concept. Further studies on the role of arginase 2 in 

microglial activation are needed. In addition to inducing microglial activation, 

oxidative/nitrative stress can alter cell fate by decreasing autophagic cell 

repair.129
-
132 Our previous studies have demonstrated that arginase 2 deletion 
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limits both neuronal and vascular cell death during OIR. 11
· 

77
• 

79 Data presented 

here are the first to indicate that deletion of arginase 2 also enhances autophagic 

flux which could contribute to the improved cell survival in the A2-/- OIR retina. 

Our finding that inhibition of autophagy by chloroquine treatment prevents the 

vasa-protective effect of the arginase 2 gene deletion provides strong support for 

this concept. These results are consistent with previous work showing that 

enhancing autophagy prevents vessel loss and pathological neovascularization 

in a rat model of OIR.93 In addition, Xiong and coauthors have demonstrated that 

inhibiting mTOR with rapamycin decreases arginase 2 expression while 

overexpression of arginase 2 activates mTOR signaling through the activation of 

the ribosomal protein S6K.96 Given that arginase 2 has been shown to enhance 

the mTOR/S6K pathway, which is known to suppress autophagy,121· 133-135 

deletion of arginase 2 may enhance autophagy by lessening mTOR activation. 

However, the relationship between arginase 2 and autophagy needs to be further 

investigated in this disease model. We find that hyperoxia-treated BRECs 

upregulate arginase 2 and downregulate arginase 1 protein levels, and our 

previous work showed that hyperoxia induces apoptosis of BRECs.10
· 

79 Future 

studies will examine the relationship between expression of arginase 1 and 2 and 

autophagy in BRECs under hyperoxic conditions. 

Autophagy plays an important role in normal cell development and survival; it 

facilitates retinal vascular development by providing a mechanism for degrading 

damaged organelles and recycling them to supply nutrients and energy for the 
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growing vessels.128 Once vascular injuries occur, the balance between apoptosis 

and autophagy determines cell fate: survival or death.81 82 89 A recent study in 

the developing mouse retina indicates that PUMA is important for vessel 

maturation through ERK activation, which subsequently activates the autophagic 

machinery.128 PUMA and p-ERK are increased in our A2-/-0IR mouse model, as 

well. In addition to an increase in PUMA and p-ERK, IL-6, which is an angiogenic 

factor, is upregulated in the A2-/-0IR mice. 128 IL-6 has multiple functions. IL-6 

secreted by astrocytes prevents neuronal cell apoptosis and serves as a potent 

neuroprotective factor. 136 In contrast, IL-6 derived from retinal microglia and ECs 

can induce retinal inflammation and microglial activation and can act as an 

inflammatory factor.137 IL-6 can directly activate ERK to protect neurons against 

apoptosis.127
• 

138 Therefore, the function of IL-6 depends upon of the type of 

retinal cells that produce it and its target. Taking all these findings into 

consideration, in the A2-/- OIR retina, there is less oxidative/nitrative stress, more 

differentiated/resting microglia and presumably less inflammation. Hence, it is 

possible that IL-6 in the A2-/-0IR retina serves as a vase-protective factor by 

increasing autophagic repair. Studies using GFP-LC3 transgenic mice crossbred 

with A2-/- mice to localize LC3 positive cells during OIR would help to identify the 

cell types that protect the immature retina against oxidative injury. The next step 

would be to investigate the signaling events that lead to cell survival, starting with 

the involvement of PUMA, p-ERK and IL-6 in relation to arginase 1-induced 

. . t h 139-141 mcreases 1n au op agy. 
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The distinctive functional differences between the arginase 1 and arginase 2 

isozymes are not well defined. Some studies indicate that arginase mainly 

catalyzes the conversion of L-arginine for the ornithine decarboxylase (ODC) 

pathway resulting in polyamine synthesis which is needed for cell growth and 

migration, while arginase is also an important enzyme for proline production, 

which is a major component of collagen in the ornithine 

aminotransferase/pyrroline-5-carboxylate reductase pathway.40
• 

41
• 

142 However, 

both isoforms have been implicated in altering NOS function and increasing 

oxidative/nitrative stress in different cell types and disease conditions. 31
• 

33
• 

67 

Additional studies are needed to fully characterize the specific roles of arginase 1 

and arginase 2 in cellular death and survival in the developing retina. However, 

our current data show that deletion of arginase 2 protects against hyperoxia

induced vascular pathology by a process involving increased expression of 

arginase 1, prevention of microglial activation and enhanced autophagic flux. By 

contrast, limiting autophagy and arginase 1 expression aggravates vessel 

pathology in the OIR model. Thus, arginase 1 may have a protective role in the 

developing retina via enhancing autophagy and limiting microglial activation 

whereas arginase 2 may have a damaging role by blocking these effects. 
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Materials and Methods 

Cell culture 

Primary cultures of BRECs were prepared as described previously.113 Cells from 

passages 5-8 were used in all experiments. Cells were maintained in M199 

supplemented with 10% FBS, 10% CS-C complete medium, 2 mM glutamine, 

100 U/ml penicillin, and 100 !Jg/ml streptomycin at 3rC in a humidified C02 

incubator. For analysis of hyperoxia effects on arginase expression, BRECs were 

grown to 70% confluence and switched to serum-free medium. The next day they 

were placed in a hyperoxic (40% 02, 5% C02) or normoxic (21 % 02, 5% C02) 

environment for 48h as described previously.100 

Ethics statement 

All procedures with animals were carried out in strict accordance with the 

recommendations in the Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health. The protocol was approved by the Committee on 

the Ethics of Animal Experiments of Georgia Regents University Animal Care 

and Use Committee (Animal Welfare Assurance no. A3307-01 ). Euthanasia was 

performed by thoracotomy under avertin (2, 2, 2 tribromoethanol, Sigma) 

anesthesia, and all efforts were made to minimize suffering. 

Treatment of Animals 
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Colonies of C57BU6J, A 1 +/- and A2-/-mice were derived from lines developed by 

Dr. Cederbaum116 and Dr. O'Brien.117 Room temperature was maintained at 

20°C, and illumination was provided by standard illumination on a 12 hour 

lighUdark cycle. OIR was induced in newborn mice according to the protocol of 

Smith, et al. with some adjustment.118 On P7, some mice were treated with the 

autophagy inhibitor, chloroquine (i.p. 1 OOmg/kg, once daily, Sigma-Aldrich, St. 

Louis, MO) or vehicle (PBS) and placed along with their dams into 70% oxygen 

for up to 5 days, after which they were transferred back to room air. The 70% 

oxygen concentration was used because the mutant mice do not tolerate 75% 

oxygen treatment. Pups were nursed by their dams and given food (standard 

mouse chow) and water ad libitum. The animals were sacrificed at various times. 

Following deep anesthesia with Avertin (250 mg/kg, ip), mice were euthanized by 

thoracotomy and the eyes were removed for studies. 

Analysis of vasa-obliteration 

Eyeballs were fixed in 4% Paraformaldehyde (PFA) overnight. Retina flat-mounts 

were dissected and labeled with biotinylated Griffonia simplicifolia lectin B4 

(Vector Laboratories, Burlingame, CA). Retinas were viewed with fluorescence 

microscopy (Axiophot, Carl Zeiss Vision Inc., Chester, VA) and the images 

captured in digital format (Spot System; Diagnostic Instruments, Sterling Heights, 

Ml). Central capillary dropout areas were quantified from the digital images, in 

masked fashion, using lmage-J software 118 
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Quantification of Microglia Morphology 

Microglia cell morphology was analyzed in retinal flat-mount preperations labeled 

with Griffonia simplicifolia isolectin B4 (Vector Laboratories, Burlingame, CA). 

Images were collected using a confocal microscope (Zeiss 7 Live DuoScan 

Confocal, Carl Zeiss Vision Inc., Chester, VA).95 All images were taken in the 

capillary dropout region of the central retina with a 200x objective, and a series of 

Z-stack images was taken throughout all retinal layers. Ramified microglia or 

activated microglia/macrophage were identified according to their morphology. 

Microglia with long process and small soma were considered as ramified 

microglia, while microglia with thick, short processes and amoeboid morphology 

were considered as activated microglia/macrophages. 1 4~145 One image was 

taken from each quadrant, and the average of four quadrants was used to 

calculate the ratio of ramified to activated microglia in each retina. 

Immunofluorescence 

Eyes were enucleated , fixed in 4% paraformaldehyde, washed in PBS, and 

retinas were isolated and cryoprotected . Cryostat sections (15 IJm) were 

permeabilized in 1% Triton (20 min) and blocked in 10% normal goat serum 

containing 1% BSA (one hour). Sections were then incubated overnight in 

respective a primary antibody(4°C): chicken polyclonal anti-arginase 1, 1:6000, 

received as a gift from Dr. S. Morris, or biotinylated Griffonia simplicifo/ia isolectin 

B4, 1:200. On day two, the sections were incubated (1 hour) in fluorescein or 
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Texas red conjugated secondary antibodies (Life Technologies, Grand Island, 

NY), washed in PBS and mounted with Vectashield (Vector Laboratories, 

Burlingame, CA). 

Western blotting analysis 

Retina or cell lysate was homogenized in a modified RIPA buffer [20 mmoi/L Tris

HCI (pH 7.4), 2.5 mmoi/L ethylenediamine tetra-acetic acid , 50 mmoi/L NaF, 10 

mmoi/L Na4P20 1, 1% TritonX-1 00, 0.1% sodium dodecyl sulfate, 1% sodium 

deoxycholate,1 mmoi/L phenylmethyl sulfonyl fluoride] . Then 10 !Jg protein 

samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis, transferred to nitrocellulose membrane and reacted with primary 

antibody followed by horseradish peroxidase-linked secondary antibody and 

enhanced chemiluminescence (Amersham Pharmacia, San Francisco, CA). 

~-actin served as a loading control (mouse monoclonal antibody, 1:5000, Sigma

Aldrich, St. Louis, MO). The following primary antibodies were used: LC3B 

(rabbit monoclonal antibody, 1: 2000, Cell Signaling Technology, Danvers, MA), 

SQSTM1 /p62 (mouse monoclonal antibody, 1:2000, Abeam, Eugene, OR) , 

arginase 1 (chicken polyclonal antibody, 1:10,000, gift from Dr. S. Morris), and 

arginase 2 (rabbit polyclonal, 1: 1000 Santa Cruz Biotechnology, Dallas, TX). 

RT-PCR assay 
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Total RNA was isolated using a kit (RNA PeR kit; Applied Biosystems) according 

to the manufacturer's instructions. Total RNA was reverse transcribed with 

reverse transcriptase (M-MLV; Invitrogen) to generate eDNA. Quantitative PeR 

was performed (StepOne PeRsystem; Applied Biosystems) with Power SYBR 

Green. 72 The fold difference in various transcripts was calculated by the eT 

method using cyclophillin A as the internal control. After PeR, a melting curve 

was constructed in the range of 60oe to 95oe to evaluate the specificity of the 

amplification products. Primer sequences for mouse transcripts IL-6, arginase 1 

and an unchanging control gene (cyclophillin A) were as follows: IL-6, (forward, 

eeAeGGeeneeeTAene; reverse, nGGGAGTG GTATeeTeTGTGA), 

arginase 1 (forward, eATGGGeAAeeTGTGTeen; reverse, 

TeeTGGTAeATeTGGGAAeTTie), and cyclophilin A (forward, eAG AeG eeA 

eTG TeG en T; reverse, TGT en TGG AAe TTI GTe TGe AA). 146 

Statistical analysis 

All data were summarized as means ± SEM. In each case, the data were 

reviewed to see how well they fit the assumptions of the tests. In most cases, the 

comparisons were between multiple groups, and the overall differences were 

analyzed by ANOVA with Bonferroni's post-hoc test. In addition, differences 

between two groups was determined by unpaired t-tests. P values < 0.05 were 

considered as statistically significant. 
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IV. DISCUSSION 

Hyperoxia-induced obliteration of newly formed blood vessels in the immature 

retina has been well established as a primary mediator of ROP.3 Our previous 

studies in vivo and in vitro have shown involvement of NOS-mediated increases 

in ONoo· formation in hyperoxia-induced vasa-obliteration and EC death.9
· 

10 

We have now demonstrated involvement of the arginase enzyme in this 

pathology. Studies in retinal ECs showed that treatment with the specific 

arginase inhibitor, ABH, blocked hyperoxia-induced apoptosis and preserved NO 

availability. In vivo experiments using the mouse OIR model showed that 

inhibition of arginase activity or deletion of the arginase 2 gene significantly 

reduced hyperoxia-induced vasa-obliteration. Deletion of arginase 2 also limited 

pathological vitreoretinal neovascularization while enhancing vascular repair 

during the relative hypoxia phase of OIR. Interestingly, deletion of one copy of 

the arginase 1 gene in combination with both copies of arginase 2 was less 

effective in reducing vitreoretinal neovascularization. This suggests that arginase 

2 is the predominant isoform involved in the vascular injury. lmmunoblot analyses 

of the ONOO- biomarker nitrotyrosine showed that deletion of the arginase 2 

gene also limited ONoo- formation. Our studies further indicated that arginase 2 

expression is involved in hyperoxia-induced 0 2- formation by a mechanism 

requiring the activity of NOS. Moreover, NO formation was suppressed in retinas 

of hyperoxia-treated mice, and hyperoxia-induced suppression of NO formation 

was prevented in arginase 2-deficient mice and ASH-treated ECs. Taken 

together, these results indicate that arginase 2 is the primary isoform involved in 
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hyperoxia-induced vascular injury through uncoupled NOS. Arginase 1 may be 

protective in this context. Indeed, the vasa-protective effect of arginase 2 

deletion in the OIR retinas is associated with marked upregulation of arginase 1. 

The protective effect of arginase 2 deletion and arginase 1 upregulation was 

accompanied by preservation of resident microglia (Figure 17), increased 

autophagy and elevated of IL-6 and PUMA mRNA level, and ERK 

phosphorylation. 

This study is the first that we know of to show that inhibiting arginase activity or 

deleting the arginase 2 gene limits hyperoxia-induced injury of the immature 

retinal vessels. Interestingly, a previous study reported that higher levels of 

arginase 2 mRNA and an apparent decrease in iNOS activity were associated 

with decreases in neuronal cell injury during the hypoxia phase of OIR in mice 

that lack the TNFa gene, implying a neuroprotective role for arginase 2 in the 

OIR model.95 However, our previous studies have shown that deletion of 

arginase 2 prevents hyperoxia-induced death of retinal neurons during both the 

hyperox1a and relative hypoxia phases of OIR.11
· 

77 Neuronal cell death was 

found to be mediated by a process involving hyperoxia-induced increases in 

polyamine oxidation.11 Studies are now in progress to examine the involvement 

of alterations in polyamine metabolism in retinal vascular injury during OIR. 

Further study is required to reconcile this discrepancy between the effects of 

arginase 2 deletion in limiting neuronal and vascular injury as shown in our 
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current and previous studies and the association between upregulation of 

arginase 2 and decreased neuronal injury as shown in the TN F-a deficient mice. 

Our data showing decreases in 0 2 - and ONoo- along with increases in NO 

formation in the arginase 2 deficient retinas strongly indicate involvement of 

arginase 2-mediated uncoupling of NOS in hyperoxia-induced vascular injury 

during OIR. One limitation of our results is that we were unable to detect any 

change in the total amount of arginase 2 protein in the OIR retinas. The lack of 

an effect of OIR on arginase 2 protein expression can be explained by the fact 

that arginase 2 is localized mainly in mitochondria and expression levels are low 

in most cell types. As shown in Figure 10, arginase 2 is strongly expressed in 

horizontal cells which are few in number and restricted to a single layer at the 

outer border of the inner nuclear layer. The arginase 2 signal appears elevated in 

the horizontal cells of the OIR retina as compared with the room air controls. 

However, our previous work has shown that horizontal cells undergo 

degeneration in the OIR retina as indicated by TUNEL labeling within calbindin

positive horizontal cells and decreases in the number of calbindin-positive cells. 

By contrast horizontal cell death is limited in the A2-/- mice.11 Thus, the 

hyperoxia-induced increase in arginase 2 expression may be offset by decreases 

in the number of arginase 2-positive cells. It is possible that arginase 2 activation 

is involved in hyperoxia-induced horizontal cell death. The role of retinal 

horizontal cells in the control of retinal vascular survival and function is not yet 

known. However, the horizontal cells are distributed in a network across the 
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entire retina and their processes are in contact with the photoreceptors, bipolar 

cells and amacrine cells as well as with the outermost layer of retinal vessels.108 

109 They are known to modulate signaling between photoreceptors and bipolar 

cells.110 An important function of horizontal cells is sending inhibitory signals to 

enhance spatial contrast.110 Therefore, it is likely that loss of horizontal cells 

leads to impaired vision in ROP patients. Our previous work has shown that 

arginase 2 deletion reduces OIR-induced impairment of retinal neuronal function 

as shown by electroretinography.77 Thus, the horizontal cells are ideally 

positioned to regulate microvascular function in relation to neuronal activity. The 

specific functions of these neurovascular interactions are as yet unknown. 

Further study is needed to elucidate the role of the horizontal cell alterations in 

the vascular and neuronal injury during ischemic retinopathy. 

Due to the limited resolution of confocal microscopic imaging and the small 

volume of vascular tissue in the 10 1-1m frozen sections used for our 

immunolocalization studies, we were unable to clearly localize arginase 2 within 

the retinal vascular cells. Our previous analyses have demonstrated arginase 2 

expression in retinal vessels isolated from mice as well as in cultured BRECs.78 

Further work is needed to define the specific mechanisms by which arginase 2 

deletion limits ROS formation, preserves NOS function and protects retinal 

vessels during hyperoxic treatment. Several studies have shown that arginase 2 

upregulation in ECs causes vascular dysfunction and injury via NOS 
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uncoupling.31
· 

32 34 It is possible that hyperoxia-induced activation of arginase 2 

triggers NOS uncoupling by depleting L-arginine, oxidizing BH4 and/or increasing 

endogenous methylarginine, all of which can lead to a reduction in NO availability 

and an accumulation of ROS.112 A previous study using the OIR mouse model 

indicated that eNOS over-expression reduced BH4 leading to vascular injury 

during hyperoxia.66 Arginase 2 activation can also increase oxidative stress in 

multiple cell types by increasing polyamine oxidation due to activation of the 

ornithine/polyamine pathway. 11 
· 
77 Our previous studies have shown that arginase 

2 deletion limits hyperoxia-induced increases in oxidative stress and reduces 

injury and death of retinal neurons by a mechanism involving suppression of 

hyperoxia-induced activation of spermine oxidase.11 Studies are in progress to 

better understand the relationship between neuronal and vascular cell injury and 

the role of the arginase pathway in this pathology. 

Our data indicate that arginase-induced ROS formation, plays a major role in 

hyperoxia-mediated vascular injury in the OIR model.79 Further study is needed 

to fully elucidate the mechanism of the ROS-induced damage. One possibility is 

that arginase 2-induced ROS formation activates microglia leading to 

uncontrolled inflammation and retinal injury. This concept is supported by our 

finding that deletion of the arginase 2 gene prevents microglial activation (Figure 

15). Further examination of the role of arginase 2-mediated microglial activation 

is needed. In addition to causing microglial activation, ROS can alter cell fate by 

inhibiting autophagic repair and thereby shifting the balance between cell survival 
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and cell death.12
9-

132 Data presented here are the first to indicate that deletion of 

arginase 2 also enhances autophagic flux, which could contribute to improved 

cell survival in the A2-/- OIR retina. Our finding that inhibition of autophagy by 

chloroquine treatment prevents the vasa-protective effect of the arginase 2 gene 

deletion provides strong support for this concept. These results are consistent 

with previous work showing that enhancing autophagy prevents vessel loss and 

pathological neovascularization in the rat model of OIR.93 In addition, Xiong and 

coauthors have demonstrated that inhibiting mTOR with rapamycin decreases 

arginase 2 expression while overexpression of arginase 2 activates mTOR 

signaling through the activation of the ribosomal protein S6K. 96 Given that 

arginase 2 has been shown to enhance the mTOR/S6K pathway, which is known 

to suppress autophagy,121 13
3-

135 deletion of arginase 2 may enhance autophagy 

by lessening mTOR activation. However, the relationship between arginase 2 

and autophagy needs to be further investigated in this disease model. We find 

that hyperoxia-treated BRECs upregulate arginase 2 and downregulate arginase 

1 protein levels and our previous work showed that hyperoxia induces apoptosis 

of BRECs.10
· 

79 Future studies will examine the relationship between expression 

of arginase 1 and 2 and autophagy in BRECs under hyperoxic conditions. 

Autophagy plays an important role in normal cell development and survival; it 

facilitates retinal vascular development by providing a mechanism for degrading 

damaged organelles and recycling them to supply nutrients and energy for the 

growing vessels.128 Once vascular injuries occur, the balance between apoptosis 
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and autophagy determines cell fate: life or death.81
· 

82
· 

89 A recent study in the 

developing mouse retina indicates that PUMA is important for vessel maturation 

through ERK activation, which subsequently activates the autophagic 

machinery.128 PUMA and p-ERK are increased in our A2-/-0IR mouse model, as 

well. In addition to an increase in PUMA and p-ERK, IL-6, which is an angiogenic 

factor, is upregulated in the A2-/-0IR mice.128 IL-6 has a multiple functions. IL-6 

secreted by astrocytes prevents neuronal cell apoptosis and serves as a potent 

neuroprotective factor.136 In contrast, IL-6 derived from retinal microglia and ECs 

can induce retinal inflammation and microglial activation and can act as an 

inflammatory factor.137 IL-6 can directly activate ERK to protect neurons against 

apoptosis.127 138 Therefore, the function of IL-6 depends upon of the type of 

retinal cells that produce it and the conditions of its production. Taking all these 

findings into consideration, in the A2-/- OIR retina, there is less oxidative/nitrative 

stress, more differentiated/resting microglia and presumably less inflammation. 

Hence, it is possible that IL-6 in the A2-/-0IR retina serves as a vase-protective 

factor by increasing autophagic repair. Studies using GFP-LC3 transgenic mice 

crossbred with A2-/- mice to localize LC3 positive cells during OIR would help to 

identify the cell types that protect the immature retina against oxidative injury. 

The next step would be to investigate the signaling events that lead to cell 

survival, starting with the involvement of PUMA, p-ERK and IL-6 in relation to 

arginase 1-induced increases in autophagy.139
-
141 
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The distinctive functional differences between the arginase 1 and arginase 2 

isozymes are not well defined. Some studies state that arginase mainly catalyzes 

the conversion of L-arginine for the ornithine decarboxylase (OOC) pathway 

resulting in polyamine synthesis, which is needed for cell growth and migration, 

while arginase is also an important enzyme for proline production which is a 

major component of collagen in the ornithine aminotransferase/pyrroline-5-

carboxylate reductase pathway.40
• 

41
• 

142 However, both isoforms have been 

implicated in altering NOS function and increasing oxidative/nitrative stress in 

different cell types and disease conditions. 31
' 

33
· 

67 Additional studies are needed 

to fully characterize the specific roles of arginase 1 and arginase 2 in cellular 

death and survival in the developing retina. However, our current data show that 

deletion of arginase 2 protects against hyperoxia-induced vascular pathology by 

a process involving increased expression of arginase 1, prevention of microglial 

activation and enhanced autophagic flux. By contrast, limiting autophagy and 

arginase 1 expression aggravates vessel pathology in the OIR model. Thus, 

arginase 1 may have a protective role in the developing retina via enhancing 

autophagy and limiting microglial activation whereas arginase 2 may have a 

damaging role by blocking these effects. 

In summary, deletion of arginase 2 enhances autophagy and arginase1 

expression to prevent hyproxia-induced vascular injury. Limiting autophagy and 

arginase 1 expression aggravates vessel injury in the A2-/- OIR model. Overall, 
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our results suggest that both arginase enzymes have important, but divergent, 

roles in OIR. 
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V. SUMMARY 

Clinical studies have shown low levels of L-arginine and L-glutamine in infants 

with ROP,7 and treatment with an arginyl-glutamine dipeptide supplement 

lessens vascular damage in the OIR mouse model.8 The reduction in L-arginine 

appears to involve upregulation of arginase activity. Excessive arginase activity 

is involved not only in L-arginine deficiency, but is also apparently associated 

with enhancement of polyamine production along with polyamine oxidation, 

which is toxic to cells. Deletion of arginase 2 limits ROS-derived from uncoupled 

NOS and enhances autophagy and arginase 1 expression to protect against 

vascular pathology-induced by a hyperoxic stress. Suppressing autophagic 

activity or additional deletion of the arginase 1 gene aggravates retinal pathology 

in A2-/- OIR mice while controlling the excess arginase 2 activity is vasa

protective during OIR. Overall results show that both arginase 1 and 2 enzymes 

should be considered an important potential therapeutic avenue for treating 

oxidative stress-related retinopathy. 
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