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Arginase has been reported to reduce nitric oxide
bioavailability in cardiovascular disease. However, its
specific role in retinopathy has not been studied. In
this study, we assessed the role of arginase in a mouse
model of endotoxin-induced uveitis induced by lipo-
polysaccharide (LPS) treatment. Measurement of argi-
nase expression and activity in the retina revealed a
significant increase in arginase activity that was asso-
ciated with increases in both mRNA and protein levels
of arginase (Arg)1 but not Arg2. Immunofluorescence
and flow cytometry confirmed this increase in Argl,
which was localized to glia and microglia. Argl ex-
pression and activity were also increased in cultured
Muller cells and microglia treated with LPS. To test
whether arginase has a role in the development of
retinal inflammation, experiments were performed
in mice deficient in one copy of the Argl gene and
both copies of the Arg2 gene or in mice treated with a
selective arginase inhibitor. These studies showed
that LPS-induced increases in inflammatory protein
production, leukostasis, retinal damage, signs of an-
terior uveitis, and uncoupling of nitric oxide synthase
were blocked by either knockdown or inhibition of
arginase. Furthermore, the LPS-induced increase in
Argl expression was abrogated by blocking NADPH ox-
idase. In conclusion, these studies suggest that LPS-in-
duced retinal inflammation in endotoxin-induced uve-
itis is mediated by NADPH oxidase-dependent increases
in arginase activity. (4m J Pathol 2009, 175:891-902; DOI:
10.2353/ajpath.2009.081115)

Uveitis is a damaging ocular condition that can lead to
severe vision loss and blindness.’ Endotoxin-induced
uveitis (EIU) is an experimental model that closely mimics
human disease and is induced by administration of a
single sublethal dose of lipopolysaccharide (LPS).?® EIU
is characterized as an acute ocular inflammation that is
comprised of the breakdown of the blood—ocular barrier
and the infiltration of leukocytes in the anterior chamber
and retina.*® Although precise mechanisms remain to be
elucidated, cytokines and chemokines, such as vascular
endothelial growth factor (VEGF), monocyte chemoat-
tractant protein (MCP)-1, and tumor necrosis factor
(TNF)-a, as well as nitric oxide (NO), released from in-
flammatory cells and ocular resident cells, including Mul-
ler cells and microglia in response to LPS, all contribute
to the pathogenesis of EIU.°~'? In addition, increased
oxidative stress induced by LPS or inflammatory cyto-
kines seems to play a critical role in the regulation of the
inflammatory cascade.’'® Blockade of NAD(P)H oxi-
dase, a major source of reactive oxygen species (ROS)
formation, abolishes both leukocyte adhesion to the vas-
culature and production of MCP-1 in EIU."7-18

Arginase is a binuclear manganese metalloenzyme
that catalyzes the hydrolysis of L-arginine to form urea
and ornithine, which is a critical step for the urea cycle in
the liver.’® There are two arginase isoforms which are
encoded by separate genes with different intracellular
localization. Arginase 1 (Arg1) is a cytosolic enzyme,
while arginase 2 (Arg2) is mainly expressed in mitochon-
dria. Arginase has a wide distribution in the body al-
though Arg1 is strongly expressed in the liver and Arg2 is
more evident in the kidney and prostate.?° Expression of
arginase has been found in many cell types, including
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vascular endothelial cells, smooth muscle cells, and
macrophages.?' 22 Given that L-arginine is also an indis-
pensible substrate for nitric oxide synthase (NOS) in NO
formation, arginase is recently recognized as a critical
regulator for NO production by competing with NOS for
L-arginine.'® Associated with this mechanism, increased
arginase activity has been linked to several diseases,
such as atherosclerosis, hypertension, asthma, and en-
dothelial dysfunction in diabetes.?*2472¢ Increased ex-
pression of arginase has been described in a rat model
for EIU.?” However, the specific role of arginase in EIU
and mechanisms underlying arginase expression in this
disease are unknown.

Materials and Methods

Treatment of Animals

All procedures with animals were performed in accor-
dance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Oph-
thalmic and Vision Research and were approved by the
institutional animal care and use committee (Animal Wel-
fare Assurance no. A3307-01). Experiments were per-
formed with C57BL/6J wild-type mice, mice deficient in
arginase 2 (Arg2~’~), mice deficient in both arginase 1
and 2 (Arg?7™ Arg2~/"), and mice deficient in NOX2
(NOX2~7). The NOX2~~ mouse was produced by Di-
nauer and colleagues.?® The C57BL/6J Arg?™~ and
Arg2~’~ mice developed by Cederbaum et al®® and
O’Brien et al®*® were provided by Dr. Steven Cederbaum
with the permission of Dr. O'Brien. The knockout mice
have been backcrossed for at least 10 generations on
C57BL/6 mice.

EIU was induced by injection of lipopolysaccharide
from Salmonella typhimurium (LPS, 4 mg/kg in PBS, i.p,;
Sigma-Aldrich, St. Louis, MO). Control mice received ve-
hicle alone.

Another group of wild-type mice was treated with
the arginase inhibitor [S]-[2-boronoethyl]-L-Cysteine-HCI
(BEC, EMD Chemicals, Gibbstown, NJ). For this study
mice were injected with BEC (20 mg/kg in 0.9% saline,
i.v.) 1 hour before the injection of LPS.

Tissue Culture

Rat Muller cells®' were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum. The cells were used
from passages 2 to 6 and starved in serum-free medium
overnight before treatment. Primary rat microglia were
isolated and seeded at a density of 1 X 10° cells/well in
24-well plates in Dulbecco’s modified Eagle’s medium/
F12 (Mediatech, Manassas, VA) that was supplied with
10% fetal bovine serum and 1% Penicillin-Streptomycin
solution (Invitrogen) as described.” One day after seed-
ing, cells were washed with Cellgro Complete (Mediat-
ech) and incubated in the Cellgro Complete with various
treatments.

Quantitative Reverse Transcription-PCR

Total RNA was isolated using an RNAqueous — 4PCR kit
(Applied Biosystems, Austin, TX) according to the man-
ufacture’s suggestion (for retina tissue) or using TRIzol
reagent (Invitrogen) (for cells). Total RNA was reverse
transcribed with M-MLV reverse transcriptase (Invitro-
gen) to generate cDNA. Gene expression was deter-
mined by quantitative PCR with TagMan Gene Expres-
sion Assays specific for 18S, Arg7, and Arg2 (Applied
Biosystems), which was performed on a StepOne Plus
thermocycler (Applied Biosystems). The cycle threshold,
determined as the initial increase in fluorescence above
background, was ascertained for each sample. 18S
was used as internal control in the PCR reaction for
normalization.

Western Blot Analysis

Retinas were homogenized in a radioimmunoprecipita-
tion assay lysis buffer (Millipore, Billerica, MA) supple-
mented with 10 mmol/L NaF, 10 mmol/L Na,P,O,, 1
mmol/L phenyl methyl sulfonyl fluoride and protease in-
hibitor cocktail (Sigma-Aldrich, St. Louis, MO). Twenty-
microgram protein samples were subjected to 10% SDS
polyacrylamide gel electrophoresis. Proteins were trans-
ferred onto a nitrocellulose membrane and the mem-
brane was incubated overnight at 4°C with primary anti-
bodies against Arg 1 (1:1000, BD Biosciences, San Jose,
CA), actin (1:3000), and tubulin (1:5000, Sigma-Aldrich),
followed by horseradish peroxidase-conjugated second-
ary antibody. Immunoreactive proteins were detected us-
ing the enhanced chemiluminescence system (GE Health
care, Piscataway, NJ).

Arginase Activity Assay

Retinas or Muller cells were homogenized in ice-cold
lysis buffer (50 mmol/L Tris-HCI, 0.1 mmol/L EDTA and
EGTA, pH 7.5) containing protease inhibitors. The ho-
mogenate was centrifuged at 14,000 X g for 20 minutes
and the supernatant was collected for the enzyme assay.
Arginase activity was assayed as previously described.®?
Briefly, the enzyme was activated by heating the lysate at
56°C in 25 mmol/L Tris buffer (pH 7.4) containing 5
mmol/L MnCl,. L-Arginine hydrolysis was then performed
by incubating 50 ul of the activated lysate with 50 ul of
0.5 M/L r-arginine (pH 9.7) at 37°C for 60 minutes. The
reaction was stopped in acid medium. The concentration
of urea, which is the end product of L-arginine hydrolysis
by arginase, was determined after adding 25 ul of 9%
a-isonitrosopropiophenone. Protein concentration in the
lysates was determined by bicinchoninic acid assay
(Pierce Biotechnology, Rockford, IL). Arginase activity
was calculated as mM Urea/mg protein.

Immunolocalization of Arginase 1

Mice were sacrificed and eye balls were embedded in
optimal cutting temperature (OCT) compounds after



treatment with vehicle or LPS (4 mg/kg, i.p.) for 16 hours.
The OCT-frozen sections (10 uwm) were fixed using 4%
paraformaldehyde solution in PBS for 5 minutes at room
temperature. Sections were washed several times with
PBS, treated with proteinase K for 3 minutes, then per-
meabilized with 0.5% Triton X-100 for 30 minutes and
blocked with 20% donkey serum for 1 hour at room
temperature. Then sections were reacted with mouse
monoclonal anti-arginase 1 antibody (5 ug/ml, BD Bio-
sciences) or mouse IgG1 isotype control antibody (5
ng/ml) overnight at 4°C, followed by Cy3.0-conjugated
AffiniPure Donkey Anti-Mouse antibody (1:500, Jackson
Immuno Research, West Grove, PA) at room temperature
for 1 hour. Images were taken by fluorescence micros-
copy at X 200. Fluorescence was very low in sections
stained with isotype IgG1 and exposure time was in-
creased to show the retinal tissue layers.

Flow Cytometry

Retinas were dissected and pooled retina samples (3 to
4 retinas) were incubated in Dispase (Sigma Aldrich,
37°C, 10 minutes) and filtered through a 70 um nylon
mesh to obtain a single cell suspension. Cells were cen-
trifuged (1500 rpm, 10 minutes) and washed twice with
PBS. Then cells were fixed and permeabilized using Bec-
ton Dickinson CytofixCytoperm ready-to-use buffer (500
wl for 15 minutes on ice). Cells were then washed twice
with PBS and blocked with 20% donkey serum before
being double-stained for cell markers and arginase 1 or
for cell markers and cytokines or for cell markers and
isotype control 1gGs. The antibodies used and corre-
sponding isotype control are: mouse anti-arginase 1 and
mouse 1gG1 (2.5 ug/ml, BD Biosciences), rabbit anti-
VEGF and normal rabbit IgG (2 ug/ml, EMD Chemicals),
phycoerythrin (PE)-conjugated rat anti-TNF-a and PE Rat
IgG1 isotype control (0.4 ug/ml, eBioscience, San Diego
and, CA), rabbit anti-MCP-1 (1 ug/ml, PeproTech, Rocky
Hill, NJ), and normal rabbit 1gG (1 ug/ml, EMD Chemi-
cals). To show arginase or cytokines in neuroglia, argi-
nase 1 and TNF-a were double-stained with rabbit anti-
glial fibrillary acidic protein (GFAP) (1:50, neuroglia
marker, from Sigma Aldrich). VEGF and MCP-1 were
double-stained with mouse anti-GFAP (ready-to-use, Ab-
cam, Cambridge, MA). To show arginase or cytokines in
macrophage/microglia, arginase 1 and cytokines were
double-stained with biotinylated rat anti-F4/80 (1:800,
marker for activated macrophage/microglia, a gift from
Dr. Sally S. Atherton). Cells were incubated with primary
antibodies for 1 hour at 4°C and washed. Then cells were
incubated with second antibodies for 40 minutes at 4°C.
The following second antibodies were used at 1:500 di-
lution: PE-donkey anti-mouse (for arginase 1), PE-donkey
anti-rabbit (for MCP-1 and VEGF), fluorescein isothiocya-
nate (FITC)-donkey anti-rabbit (for GFAP), FITC-donkey
anti-mouse (for GFAP), and FITC-streptavidin (for F4/80).
After staining, samples were washed twice and analyzed
using four-color flow cytometry (FACS Calibur, BD Bio-
sciences) and CellQuestTM software. Samples double-
stained with control IgG and cell marker were used to set
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up the compensation to subtract the spillover signal of
FITC from PE detector (PE-%FITC). Proper compensation
was set up to make sure the median PE fluorescence
intensities of FITC negative cells and positive cells were
identical and were both gated as PE-negative population.
Due to the limited number of cells from mouse retinas,
reciprocal compensation to subtract the spillover signal
of PE from FITC detector (FITC-%PE) was not set up
since this effect was minimal. Then the percentage of
cells that express cytokines or arginase in each cell type
was identified after gating to exclude dead cells and
debris using forward and side scatter plots.

Analysis of Leukocyte Adhesion

Adhesion of leukocytes to the wall of the retinal vessels
was evaluated as described previously,'” with some
modification. After the induction of deep anesthesia, the
chest cavity was carefully opened, and a perfusion can-
nula with 0.2 mm internal diameter was introduced into
the aorta. Drainage was achieved by opening the right
atrium. The animals were then perfused with 6 ml of PBS
to wash out nonadherent blood cells. Next, the animals
were perfused with 6 ml FITC-labeled concanavalin A
lectin (40 ng/mlin PBS, Vector Laboratories, Burlingame,
CA) to label the adherent leukocytes and vascular endo-
thelial cells. Residual unbound concanavalin A was re-
moved by perfusion with PBS. The eyeballs were re-
moved and fixed with 4% paraformaldehyde. The retinas
were then dissected, mounted flat on glass slides and
observed by fluorescence microscopy at X 200 magni-
fication. The total number of adherent leukocytes per
retina was determined.

Analysis of Retinal Morphology

Mice were sacrificed after treatment with vehicle or LPS
(4 mg/kg, i.p, 16 hours) and eye balls were embedded in
OCT compound. OCT-frozen sections (10 um) were fixed
and stained with H&E. Images were taken by using a
Zeiss microscope at X 200.

Analysis of Leukocyte Infiltration and Protein
Content in the Aqueous Humor

After the induction of deep anesthesia, aqueous humor
was collected by anterior chamber puncture using a
30-gauge needle under a surgical microscope. The sam-
ples were used for either cell counting or protein concen-
tration measurements. To quantify the number of infil-
trated leukocytes, 1 ul of aqueous humor was mixed with
8 wl of 0.4% trypan blue stain solution and subjected to
cell counting using a hemocytometer. Cells in five
fields were counted, averaged and calculated as num-
ber of cells in 1 ul of humor. The protein concentration
in the aqueous humor was determined by bicincho-
ninic acid assay and dilutions of bovine serum albumin
as standards.
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Figure 1. Arginase expression and activity. A and B: Mice were injected with
LPS (4 mg/kg, i.p.) and sacrificed at the time indicated. Argl and Arg2 mRNA
in the retina were then determined by quantitative PCR and normalized to
vehicle (Veh) control (7 = 3 mice). *P < 0.05 compared with vehicle (saline).
C: Mice were sacrificed 16 hours after injection with LPS (4 mg/kg, i.p.). Argl
protein in the retina extract was detected by immunoblot. A representative
blot is shown (7 = 3 mice). D: Mice were sacrificed 16 hours after injection
with LPS (4 mg/kg, i.p.). Then retinas were homogenized and arginase
activity was determined as described in the Materials and Methods section.
Mice that received vehicle (saline) injection were used as reference (17 = 6
mice). *P < 0.05 compared with vehicle.

Nitrite and Nitrate Measurement

Retinas were homogenized in PBS with a pestle. Then the
lysates were centrifuged at 14000 rpm for 10 minutes at
4°C and supernatants were collected. The level of nitrite
in the supernatants was analyzed using NO-specific
chemiluminescence. In brief, samples containing nitrite
were refluxed in glacial acetic acid containing sodium
iodide. Nitrite is quantitatively reduced to NO under these
conditions, which can be quantified by a chemilumines-
cence detector after reaction with ozone in a NO analyzer
(Sievers). To measure the total level of nitrite plus nitrate,
supernatants were incubated with PBS containing nitrate
reductase (0.25 unit/ml), NADPH (13 wng/ml), and FAD-
Na2 (4 wg/ml) at 30°C for 1 hour to reduce nitrate to
nitrite. Then the level of nitrite was analyzed using NO-
specific chemiluminescence. Protein concentration in the
supernatant was determined by bicinchoninic acid as-
say. The level of nitrite or nitrite plus nitrate was normal-
ized to the protein concentration in the supernatant and
calculated as percentage of control.

Dihydroethidium Assay for Superoxide
Formation

To evaluate production of superoxide in situ, the oxidative
fluorescent dye dihydroethidium (DHE) was used. DHE
is freely permeable to cells and in the presence of
superoxide is oxidized to ethidium bromide, which binds
to DNA and fluoresces red. Frozen sections were pre-
incubated in NADPH (100 wmol/L) for 20 minutes fol-
lowed by DHE (2 umol/L, 20 minutes, 37°C). DHE images
from serial sections were obtained using an Axiovision
fluorescence microscope, DHE is excited at 488 nm with
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Figure 2. Localization of Argl. A: Immunohistochemistry of Argl expression
(red) in retinal sections from mice injected with vehicle (veh, control) or LPS
(4 mg/kg, i.p., EIU). Purified mouse IgG1 is used as control. LPS treatment
(EIU) resulted in a prominent increase in Argl protein, which is localized to
the nerve fiber layer (NFL), inner plexiform layer, inner nuclear layer (INL),
outer plexiform layer, and outer limiting membrane. ONL is outer nuclear
layer. Original magnification X200. B: Flow cytometry analysis of Argl
expression in retinal cell types. Retina samples were separated into single cell
suspension and stained with Argl antibody in combination with one of the
following antibodies against specific cell makers: GFAP for neuroglia and
F4/80 for activated macrophage/microglia. Percentage indicates the propor-
tion of cells that are dual-positive (right-upper quadrant). Representative
data are shown (7 = 3 experiments with pooled retinas).

an emission spectrum of 610 nm. The images were ana-
lyzed for reaction intensity by using the Metamorph Im-
age System (Molecular Devices).

Statistical Analysis

The results are expressed as mean = SEM. Group dif-
ferences were evaluated by using one way analysis of
variance followed by posthoc Student’s t-test. Results
were considered significant at P < 0.05.

Results

Arg1 Expression and Activity Are Increased in EIU

To evaluate whether arginase plays a role in acute retinal
inflammation, the expression and activity of arginase



were evaluated in a mouse model for EIU. Quantitative
PCR analysis of mRNA revealed that both Arg1 and Arg2
were expressed in the retina. The mRNA level of Arg1l
was significantly increased following LPS injection. It
reached a peak at 12 hours (2.21 * 0.14-fold of control)
and was slightly decreased at 24 hours (1.94 *= 0.06-fold
of control) (Figure 1A). The mRNA level of Arg2 was not
changed (or even slightly decreased) (Figure 1B). Con-
sistent with the increase in Arg1 mRNA, Arg1 protein was
also increased 16 hours after the LPS injection as re-
vealed by immunoblotting with a specific antibody for
Arg1 (Figure 1C). The level of arginase activity in the
retina was determined by measuring the amount of urea
produced from L-arginine hydrolysis. LPS treatment sig-
nificantly increased arginase activity by 1.9 = 0.3-fold
(Figure 1D). To assess the generality of this effect, stud-
ies were also performed in rats treated with LPS (1 mg/kg,
i.p.). These experiments showed that arginase activity
was increased by ~1.8-fold within 12 or 24 hours follow-
ing the LPS treatment (data not shown).

Arg1 Is Localized in Neuroglia and Macrophage/
Microglia in EIU

Prompted by the observation that Arg1 expression was
up-regulated in EIU, we next determined the localization
of Arg1 in retina sections. Immunolocalization analysis
showed that immunoreactivity for Arg1 was localized to
the nerve fiber layer, inner plexiform layer, inner nuclear
layer, outer plexiform layer, and outer limiting membrane
in a pattern that corresponded to the processes of Muller
cells, astrocytes, and microglia cells (Figure 2A). Immu-
nofluorescence with an isotype control IgG was very
weak and did not show any specific structure (Figure 2A),
indicating specificity of the arginase antibody.

To further investigate the expression of Arg1 in specific
cell types, flow cytometry analysis was performed after
retinal cells were separated into a single cell suspension
by Dispase digestion and costained with both Arg1 anti-
body and cell type markers. GFAP was used as neuro-
glial marker. Retinal astrocytes express GFAP under both
resting and activated conditions and Muller cells express
GFAP after treatment with LPS. F4/80 was used as a
marker for activated macrophage/microglia. As shown in
Figure 2B, in the retina from vehicle-treated mice, a small
fraction of GFAP-positive cells were located in quadrants
2 and 4 and a small fraction of Arg1-positive cells were
located in quadrants 1 and 2. In the GFAP-positive pop-
ulation (quadrants 2 and 4), only 5% of cells were as also
positive for Arg1 (quadrant 2). Parallel experiments using
a Muller cell-specific antibody, CRALBP, showed that
Muller cells are also largely negative for Arg 1 (data not
shown). In contrast with the vehicle-treated controls, LPS
treatment resulted in a prominent increase in the GFAP-
positive cell population, which is consistent with previous
findings that LPS treatment increases GFAP expression
in both astrocytes and Muller cells.®3* Interestingly, the
percentage of Arg1-positive cells in the GFAP-positive
population (neuroglia) also was robustly increased to
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Figure 3. Arginase activity and expression in cultured retinal cells. A: Retinal
Muller cells were treated with LPS (1 ug/ml for the time indicated. Then cells
were lysed and arginase activity was assayed by detecting urea production
and normalized to the total amount of protein in the lysates (7 = 3 experi-
ments). *P < 0.05 compared with 0 hours treatment. B: Retinal Muller cells
were treated with LPS (1 pg/mbD for the time indicated. Cells were then lysed
and Argl and tubulin protein were determined by immunoblot. Representa-
tive blot is shown (7 = 3 experiments). C: Retinal microglial cells were
treated with LPS (30 ng/mD for the time indicated. Total RNA was extracted
and mRNA of Argl and Arg2 was measured by quantitative PCR. Cells
without treatment were used as control (7 = 4 experiments). *P < 0.05
compared with controls.

45% after LPS treatment, suggesting an increase of Arg1
expression in astrocytes and Muller cells during EIU.
Similarly, analysis of Arg1 expression in the F4/80-posi-
tive population (activated microglia and macrophages)
also revealed that Argl-positive cells were increased
from 5% to 48% following LPS administration (Figure 2B).
Analysis of Argl expression in combination with
CD11b, which is a marker for the entire macrophage/
microglia population, also revealed that Arg1 positive
cells were increased from 3% to 40% following LPS
administration (data not shown). This observation is
consistent with the report that there is an 80% overlap
between CD11b-positive cells and F4/80-positive cells
in the retina.®®
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Figure 4. Inflammatory cytokine expression in arginase deficient mice. Wild-type mice (WT), or mice completely lacking arginase 2 (Arg2~/"), or mice partially
deficient in arginase 1 in addition to lack of arginase 2 (Argl™ ~Arg2™'") were treated with LPS (4 mg/kg, i.p.) for 16 hours. Then retina samples were separated
into single cell suspension and stained with A: TNF-a; B: VEGF; C: MCP-1, in combination with one of the following cell markers: GFAP for neuroglia, F4/80 for
macrophage/microglia. The portion of positively stained cells in each cell population was determined by flow cytometry (7 = 3 experiments with pooled retinas).
Wild-type mice without LPS treatment were used as control (Con). “P < 0.05 compared with control. *P < 0.05 compared with WT+LPS. *P < 0.05 compared

with Arg2™/~ + LPS.

Arg1 Activity and Expression Are Increased in
LPS-Treated Cells

The direct effect of LPS on Arg1 expression was as-
sessed in cultured Muller cells and retinal microglia. In-
cubation of Muller cells with LPS resulted in significant
increases in arginase activity in a time-dependent man-
ner, which was 55% above basal level after cells were
treated for 24 hours (Figure 3A). Consistent with the
increase in arginase activity, analysis of Arg1 protein by
immunoblot also demonstrated an increase in Arg1 pro-
tein levels in the LPS-treated cells (Figure 3B). In primary
retinal microglial cells, LPS robustly increased mRNA
level of Arg1, which peaked at 12 hours and was main-
tained at the same level after 24 hours. In contrast, the
increase of Arg2 mRNA was marginal (Figure 3C).

Inflammatory Cytokine Expression Is Abrogated
by Blocking Arginase in EIU

To address the role of arginase in the inflammatory re-
sponse in EIU, a genetic approach was taken to evaluate
LPS-induced inflammatory cytokine expression in mice
that were completely lacking in Arg2 gene or deficient in
one copy of the Arg7 gene and both copies of Arg2 gene.
Most mice that are completely lacking the Arg7 gene die
by 14 to 15 days postnatal due to ammonia poisoning.
This study showed that LPS treatment induced a promi-
nent increase in the percentage of TNF-a-positive neuro-
glial cells and macrophage/microglia in retinas from wild-
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type mice (Figure 4A). This increase was significantly
reduced in neuroglia from the Arg2 deficient retinas (by
50%) but was only slightly reduced in macrophage/mi-
croglia from the same samples (by 35%, no statistically
significant difference). However, additional loss of one
copy of the Arg7 gene resulted in a marked decrease in
TNF-a production in both neuroglia (reduced by 82%)
and macrophage/microglia (reduced by 78%) (Figure
4A). LPS also significantly increased the production of
VEGF and MCP-1 in both neuroglia and macrophage/
microglia, as shown by an increase in the percentage of
cells that were double-positive for GFAP or F4/80 and
VEGF (Figure 4B) or MCP-1 (Figure 4C). This increase
was dramatically blocked in mice deficient in one copy of
the Arg7 gene and both copies of Arg2. However, ab-
sence of Arg2 alone did not significantly reduce the pro-
duction of VEGF and MCP-1 in either cell type (Figure 4,
B and C).

To further confirm these observations and also to ex-
amine the potential therapeutic benefit of arginase inhi-
bition, mice were injected with a specific arginase inhib-
itor (BEC, 20 mg/kg, i.v.) before LPS administration. As
shown in Figure 5A, the LPS-induced increase of TNF-«
positive cells was significantly reduced by 76% in neuro-
glial cells and by 58% in macrophage/microglia in mice
treated with BEC. Similarly, inhibition of arginase by BEC
robustly reduced VEGF expression in neuroglia (72%
reduction) and macrophage/microglia (87% reduction)
(Figure 5B).

VEGF Figure 5. Inflammatory cytokine expression in
mice treated with arginase inhibitor. Mice were
pretreated with vehicle (Veh) or arginase inhib-
itor (BEC, 20 mg/kg, i.v.) 1 hour before LPS
injection. 16 hours after LPS treatment, mice
were sacrificed and retina samples were sepa-

# rated into single cell suspension and stained
with A: TNF-a; B: VEGF; in combination with
one of the following cell markers: GFAP for
neuroglia, F4/80 for macrophage/microglia. The

* portion of positively stained cells in each cell
type population was determined by flow cytom-
etry (n = 3 experiments with pooled retinas).

Mice without LPS treatment were served as con-

Neuroglia Macrophage/ Neuroglia Macrophage/ trol (Con). "P < 0.05 compared with control.

Microglia

Microglia *P < 0.05 compared with Veh+LPS.
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Leukostasis in EIU Is Abrogated by Blocking
Arginase

Leukocyte adhesion to the vessel wall (leukostasis) is a
common feature of retinal vascular inflammation and is an
important step in leukocyte infiltration. To further test
whether increased arginase activity is involved in the
vascular inflammatory reactions associated with EIU, ex-
periments were performed to determine the effects of
inhibiting arginase on LPS-induced leukostasis. Leuko-
cytes and vessels were visualized in retina flat mount
preparations by perfusion labeling with FITC-coupled
concanavalin A lectin. As shown in Figure 6, A-B, the
adhesion of leukocytes to the vessel walls was minimal in
normal mice. LPS treatment prominently increased the
number of adherent leukocytes by 5.5-fold. However,
LPS-induced leukostasis was reduced by more than 80%
by blockade of arginase activity with the specific inhibitor
BEC or by deleting arginase alleles.

Retina Morphology in EIU Is Preserved in
Arg1™ " Arg2~"~ Mice

To evaluate whether arginase is involved in the retinal
damage associated with inflammation, retina morphology
was analyzed in frozen sections after H&E staining (Fig-
ure 7). In wild-type mice treated with LPS, the retinal
lamination pattern was highly distorted and cellular mem-
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Figure 6. Leukocyte adhesion in mice deficient in arginase
or treated with arginase inhibitor. A: Wild-type mice were
pretreated with vehicle (Veh) or arginase inhibitor (BEC, 20
mg/kg, iv.) forl hours. Then these mice or mice partially
deficient in arginase (Arg1"~Arg2™"") were injected with
LPS (4 mg/kg, i.p.) for 16 hours. Leukocyte adhesion in the
retina vasculature was measured by fluorescence microscopy
after cells were in vivo labeled with FITC-concanavalin A
lectin. Representative images are shown. Arrows, adherent
leukocytes. B: Quantitative data of adherent leukocytes per
retina from each group (72 = 3 to 6 mice). “P< 0.05 compared
with control. *P < 0.05 compared with Veh+LPS.

Con

branes protruded from the retina into the vitreous cavity,
suggesting extensive retinal damage. In contrast retinal
morphology in Arg1*/~Arg2~"~ mice treated with LPS
was similar to that of the vehicle-treated controls.

Anterior Uveitis Is Reduced in Arg1* ~Arg2™"~
Mice

ElU is characterized as an acute ocular inflammation that
affects both the anterior chamber and retina. To evaluate
the role of arginase in anterior uveitis, leukocyte infiltra-
tion and protein leakage into the aqueous humor were
examined in EIU animals. In wild-type mice, the average
leukocyte count and protein concentration were in-
creased by 13.6-fold (Figure 8A) and 8.0-fold (Figure 8B),
respectively. In contrast, deleting arginase alleles signif-
icantly reduced LPS-induced leukocyte infiltration by
80% (Figure 8A) and protein leakage by 92% (Figure 8B).

NOS Uncoupling Is Blocked by Deletion of
Arginase Alleles

Because both arginase and NOS use L-arginine as sub-
strate, experiments were performed to address the po-
tential mechanism of the arginase-induced retinal injury
by determining the effects of deleting arginase on total
levels of nitrate plus nitrite versus nitrite alone. Nitrate for-

Figure 7. Retina morphology in arginase defi-
cient mice. Wild-type mice (WT or mice partially
deficient in arginase, Argl*’~ Arg2™’") were
treated with LPS (4 mg/kg, i.p.) for 16 hours.
Retinal cryosections were stained with H&E.
Wild-type mice without LPS treatment were
used as control (Con). Original magnification
X200.
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Figure 8. Anterior uveitis in arginase deficient
[ mice. Wild-type mice (WT) or mice partially
deficient in arginase (Arg?1™~Arg2™’") were
treated with LPS (4 mg/kg, i.p.) for 16 hours and
aqueous humor was collected (1 = 6 eyes). Az
The cell number/ul was determined. B: Protein
concentration/ml was determined. Wild-type
mice without LPS treatment were used as con-
trol (Con). “P < 0.05 compared with control.
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mation is favored in the presence of excess superoxide.>®
Analyses of total nitrate plus nitrite represent relative levels
of total NO products rather than bioavailable NO. On the
other hand, nitrite is the final product of NO autoxidation in
water or hemoglobin-free media and is recognized as an
indicator of the amount of bioavailable NO. Therefore, we
compared the effects of LPS treatment on total nitrate plus
nitrite versus nitrite only in wild-type and Arg?1™*/~Arg2~"~
mice. This study showed that LPS treatment caused a sig-
nificant increase in the total NO products (nitrite plus ni-
trate), in the wild-type mice as compared with the controls.
This effect was significantly blunted by the arginase knock-
out (Figure 9A). Furthermore, measurement of nitrite alone
showed that nitrite was significantly higher in the LPS
treated Arg1™/~Arg2 ™/~ mice than in either the control or
LPS-treated wild-type mice (Figure 9B). Given that nitrate
formation is favored in the presence of excess superox-
ide, these data suggest an effect of NOS uncoupling
reducing bioavailable NO in wild-type mice. This hypoth-
esis was supported by experiments using the DHE assay
for superoxide formation. This study showed significant
increases in superoxide formation in retinas from wild-
type mice during EIU while arginase deficiency blocked
this effect (Figure 9C). These results indicate an action of

WT  Arg1+/-Arg2-- *P < 0.05 compared with WT+LPS.

LPS

arginase in causing uncoupling of NOS to generate su-
peroxide instead of NO and consequently decreasing
bioavailable NO and increasing oxidative stress.

Up-Regulation of Arginase Is Blocked by
Inhibiting NOX2/NADPH Oxidase

We have previously demonstrated that inhibition of NOX2/
NADPH oxidase blocks retinal vascular inflammation in
EIU." To understand whether or not there is a causal link
between arginase and NADPH oxidase, Arg1 expression
in the retina and retinal cells were assessed following
blockade of NOX2/NADPH oxidase. As shown in Figure
10A, LPS strongly induced the expression of Arg1 in both
neuroglia and macrophage/microglia in the retina. How-
ever, in mice lacking NOX2 expression, this increase was
significantly reduced by more than 50%, suggesting an
involvement of NOX2/NADPH oxidase. As a positive con-
trol, Arg1 expression was reduced by almost 70% in mice
deficient in one copy of the Arg7 gene and both copies of
Arg2 gene. In cultured cells, apocynin, which is a specific
inhibitor for NADPH oxidase, also abolished LPS induced

Figure 9. Level of nitrite+nitrate, nitrite, and su-
peroxide in arginase deficient mice. Wild-
type mice (WT) or partially deficient in argi-
nase (A1g1""~ Arg2™"") were treated with LPS (4
mg/kg, i.p.) for 16 hours. A: Retina lysates were
incubated with nitrate reductase to reduce nitrate
to nitrite. Then the level of nitrite was determined
by NO analyzer. B: Nitrite level in the retina lysates
was determined by NO analyzer. C: Real-time DHE
imaging of superoxide formation in retinas from
LPS treated WT and Ang7™~ Arg2~~ mice or from
control mice. Representative images and statistic of
fluorescence intensity are shown. Wild-type mice
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Figure 10. Argl expression in mice deficient in NOX2 or cells treated with
NADPH oxidase inhibitor. A: Wild-type mice (WT), mice deficient in NOX2
(NOX2™"7), or mice partially deficient in arginase (Argl™ ~Arg2™") were
treated with LPS (4 mg/kg, i.p.) for 16 hours. Then retina samples were
separated into single cell suspension and stained with arginase 1 antibody in
combination with one of the following cell markers: GFAP for neuroglia,
F4/80 for macrophage/microglia. The portion of positively stained cells in
each cell type population was determined by flow cytometry (7 = 3 exper-
iments with pooled retinas). Wild-type mice without LPS treatment were used
as control (Con). “P < 0.05 compared with control. *P < 0.05 compared with
WT+LPS. B: Retinal Muller cells were pretreated with vehicle (Veh) or
apocynin (Apo, 30 umol/L, a specific inhibitor for NADPH oxidase) for 30
minutes and then stimulated with LPS (1 ug/mb for 15 hours. Cells were then
lysed and arginase 1 and tubulin protein were determined by immunoblot.
Representative blot is shown (7 = 3 experiments). The lane between
“Veh+1LPS” and “Apo+None” contained “Veh+LPS” for 21 hours. It was
moved from this figure since this data has been shown in Figure 3B. C:
Retinal microglial cells were pretreated with apocynin (500 wmol/L) or
vehicle (Veh) for 30 minutes and then treated with LPS (30 ng/mD for 24
hours. Total RNA was extracted and arginase 1 mRNA was determined by
quantitative PCR. Cells without treatment were used as control (Con) (7 = 4
experiments). “P < 0.05 compared with Con. *P < 0.05 compared with Veh.

Arg1 expression in both Muller cells and retinal microglial
cells (Figure 10, B and C).

Discussion

Nonhepatic arginase has been implicated in the patho-
genesis of cardiovascular and lung diseases. ' We have
shown that diabetes causes eNOS uncoupling and vas-
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cular endothelial cell dysfunction by activating arginase
and thereby decreasing availability of L-arginine to eNOS,
decreasing NO formation and increasing oxidative
stress.?? In the present study, we provide the first evi-
dence that arginase is critically involved in acute retinal
inflammation. Using a model of EIU, we found that LPS
induces increases in Arg1 expression and activity in the
retina and retinal cells in vivo and in vitro. Based on the
selective inhibition of arginase by gene deletion or phar-
macological inhibitor, we clearly demonstrate that argi-
nase is an indispensible component in retinal inflamma-
tion during EIU. Blockade of arginase not only reduces
the production of inflammatory cytokines such as TNF-q,
VEGF, and MCP-1 in retinal neuroglia and macrophage/
microglia, but also abrogates leukocyte adhesion to the
vessel wall, prevents retina damage, and reduces signs
of anterior uveitis. Considering that uveitis is a leading
cause of blindness with undefined mechanisms, ' reduc-
tion of arginase activity may provide a beneficial thera-
peutic approach for preventing the severe ocular inflam-
mation and damage associated with this disease. In
addition, since vascular inflammation is a common phe-
nomenon in many eye diseases, including diabetic
retinopathy and ischemic retinopathy,®”~3° study of the
role of arginase in these diseases is needed to deter-
mine whether or not arginase has a general role in
retinal diseases.

Two isoforms of arginase, namely Arg1 and Arg2, have
been identified and been shown to share similar profiles
for the substrate but to have different intracellular distri-
butions.®2° Depending on specific disease conditions,
Arg1 or Arg2 or both may be up-regulated and exert a
dominant role. In cardiovascular diseases, Arg1l has
been found to be up-regulated and associated with en-
dothelial dysfunction in diabetes, aging and isch-
emia.224%41 |n contrast, Arg2 activity is reported mainly
responsible for the pathogenesis of atherosclerosis in
that selective deletion of Arg2 reduces plaque burden.?®
In our study, Arg1 seems to be dominant in EIU since the
expression of Arg1 is up-regulated while Arg2 is un-
changed or even slightly decreased. This in vivo obser-
vation is further supported by studies in vitro using cul-
tured cells where LPS induces dramatic increase of Arg1
whereas the change in Arg2 is minimal. However, the
basal activity of Arg2 seems to also contribute to the
inflammatory response in EIU in that complete loss of
Arg2 expression results in reduced cytokine expression,
particularly the production of TNF-a in neuroglial cells.
Nevertheless, additional loss of one allele of Arg7 almost
completely blocks the up-regulation of inflammatory cy-
tokines in both neuroglia and macrophage/microglia,
which highlights the important role of Arg1. Given that
complete loss of Arg1 is lethal, conditional knockout of
Arg1 or Arg2 in retina is needed to address this question
clearly in the future. Regardless of the arginase isoform
involved, blockade of arginase activity with a pharmaco-
logical inhibitor appears to be beneficial for reducing
acute retinal inflammation.

The precise mechanisms by which arginase regulates
retinal inflammation remain to be elucidated. However, by
determining the level of nitrite (indicator of bioavailable
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NO) or nitrite plus nitrate (indicator of nitrative stress) in
the retina, we provide the first evidence that arginase
negatively regulates the amount of bioavailable NO while
increasing nitrative stress in EIU. This finding is consis-
tent with the notion that arginase serves as a competitive
consumer of L-arginine. A similar effect of arginase in
inhibition of normal function of NOS has been shown in
many other diseases.’® NO is important second messen-
ger that regulates many physiological and pathological
events, including vascular dilation and vascular inflam-
mation. NO seems to be pro-inflammatory in EIU given
that increased INOS expression is associated with dis-
ease progression and pharmacological inhibition of INOS
activity has been shown to reduce the inflammatory re-
sponse and limit the pathogenesis of EIU.° However,
conflicting results have been reported in that several
studies have shown that NO can be anti-inflammatory via
modifying lipid to form nitroalkenes, which exert anti-
inflammatory functions or by blocking platelet aggrega-
tion and leukocyte adhesion or inhibiting nuclear factor
(NF)-kB activity.*>~4® NO causes nitrosylation of the p65
and p50 subunits of NF-kB and consequently reduces
their DNA binding ability.***® Corresponding to these
findings, inhibition of arginase in lung epithelial cells was
found to increase the nitrosylation of p50 and reduce the
transcriptional activity of NF-kB.%” Thus, the beneficial
effect of blocking INOS in EIU may not be due to reducing
NO production. Studies have shown that INOS produces
superoxide as well as NO when its substrate L-arginine is
deficient,*® in a process referred to as ‘NOS uncoupling.’
As a consequence, peroxynitrate, a highly reactive in-
flammatory and toxic molecule,*® is formed by the reac-
tion between NO and superoxide. The mechanism of
NOS uncoupling is demonstrated by our findings that
arginase deficiency prevents superoxide formation and
increases the amount of bioavailable NO. Based on these
observations, arginase may be involved in inflammation
through at least two mechanisms. First, increased argi-
nase activity will reduce NO production and conse-
quently reduce the formation of anti-inflammatory ni-
troalkenes, increase platelet aggregation and leukocyte
adhesion or enhance NF-kB activity due to decreases in
NF-«B nitrosylation. Second, by reducing the availability
of L-arginine, arginase will cause uncoupling of NOS,
hence increasing formation of superoxide and peroxyni-
trate, which are well-known inflammatory players. As a
consequence, inhibition of arginase will provide a tool for
reducing inflammatory responses. As we demonstrate
here, inhibition of arginase reduces inflammatory cyto-
kine expression, blocks leukostasis, preserves retinal
structure and prevents anterior inflammation in EIU. In
agreement with our finding, inhibition of arginase has
been shown to reduce leukocyte infiltration in asthma and
to inhibit inflammatory cytokine production from spleno-
cytes derived from a mouse model of experimental auto-
immune encephalomyelitis.?>° In addition to its effects
on NOS activity, arginase may regulate inflammatory re-
sponses via its products, particularly polyamines, which
are generated from ornithine. Polyamines have multiple
physiological and pathological functions including vas-
cularization, tissue repair, and neural toxicity.>'>% How-

ever, it is still questionable whether their function is pro-
inflammatory or anti-inflammatory.>#5°

We have previously demonstrated that inhibiting
NOX2/NADPH oxidase blocks inflammatory responses in
mouse models of EIU and diabetic retinopathy.'”-8 In the
current study, we provide new evidence of a role for
NADPH oxidase in the regulation of arginase in EIU.
Deleting the NOX2 subunit of NADPH oxidase or inhibit-
ing enzyme activity with apocynin blocks LPS-induced
arginase up-regulation in vivo and in vitro. Taken together
with the finding that arginase activity is required for in-
flammation during EIU, we propose a mechanism in
which arginase acts as a downstream mediator for
NADPH oxidase in inflammatory responses. NADPH ox-
idase generated ROS may initiate the up-regulation of
arginase activity, which in turn results in more production
of ROS and peroxynitrate due to NOS uncoupling. Given
that LPS induces cytokine production in macrophages
and glial cells, the increase of arginase expression in EIU
and LPS-treated cells can be a direct effect of LPS or an
indirect effect via LPS-induced cytokine production by
autocrine and/or paracrine mechanisms. It is likely that
this process involves the induction of cytokines by LPS
treatment since the increase in arginase was not promi-
nent until 12 hours after treatment. Further studies are
required to fully address the mechanism of LPS-induced
increases in arginase 1 expression and to elucidate the
specific role of NADPH oxidase in this process.

LPS is well-known to induce the macrophage M1 phe-
notype that is characterized by increases in iINOS and
decreases in arginase 1.5 Our findings that arginase 1
expression is increased in retinal microglia in EIU seem
contradictory to this notion. However, several studies
have shown that LPS induces arginase 1 expression in
bone marrow-derived macrophages and in peritoneal
macrophages,®’~®° indicating that the response we have
observed in retinal microglia is not unique to this cell
type. In addition, the retina is composed of multiple cell
types that regulate each other in both physiological and
pathological conditions. LPS may initiate the inflamma-
tory response and induce production of pro-inflammatory
cytokines in different cell types, such as Muller cells,
macrophage/microglia, and astrocytes. As a conse-
quence, arginase 1 expression in microglia in EIU may
arise from direct effects of LPS as well as from indirect
impact of other pro-inflammatory cytokines.

In summary, our data provide the first evidence that
arginase is involved in the pathogenesis of an ocular
disease. Using genetic and pharmacological ap-
proaches, we demonstrate that arginase serves as an
oxidative stress modulated gene and is an important
mediator for inflammatory responses in EIU. The action
of arginase may involve a mechanism of NOS uncou-
pling. Together with the roles of arginase in cardiovas-
cular,'® lung,?® and autoimmune diseases,®° this study
highlights the therapeutic potential of blocking argi-
nase with pharmacological inhibitors. Insight into
mechanisms by which arginase regulates inflammatory
responses may open important avenues for developing
therapeutic approaches for many acute and chronic
inflammatory diseases.
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