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Abstract

Optic neuritis is a major clinical feature of multiple sclerosis (MS), and can lead to temporary or 

permanent vision loss. Previous studies from our laboratory have demonstrated the critical 

involvement of arginase 2 (A2) in retinal neurodegeneration in models of ischemic retinopathy. 

The current study was undertaken to investigate the role of A2 in MS-mediated retinal neuronal 

damage and degeneration. Experimental autoimmune encephalomyelitis (EAE) was induced in 

wild type (WT) and A2 knock out (A2−/−) mice. EAE-induced motor deficits, loss of retinal 

ganglion cells, retinal thinning, inflammatory signaling and glial activation were studied in EAE-

treated WT and A2−/− mice and their respective controls. Increased expression of A2 was observed 

in WT retinas in response to EAE induction. EAE-induced motor deficits were markedly reduced 

in A2−/− mice compared to WT controls. Retinal flat mount studies demonstrated a significant 

reduction in the number of RGCs in WT EAE retinas in comparison to normal control mice. A 
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significant improvement in neuronal survival was evident in retinas of EAE-induced A2−/− mice 

compared to WT. RNA levels of the proinflammatory molecules CCL2, COX2, IL-1α, and IL-12α 
were significantly reduced in the A2−/− EAE retinas compared to WT EAE. EAE-induced 

activation of glia (microglia and Müller cells) were markedly reduced in A2−/− retinas compared 

to WT. Western blot analyses showed increased levels of phospho-ERK1/2 and reduced levels of 

phospho-BAD in the WT EAE retina, while these changes were prevented in A2−/− mice. In 

conclusion, our studies establish EAE as an excellent model to study MS-mediated retinal 

neuronal damage and suggest the potential value of targeting A2 as a therapy to prevent MS-

mediated retinal neuronal injury.
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INTRODUCTION:

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 

characterized by demyelination, inflammatory responses and neurodegeneration. MS 

patients suffer from various disabilities such as vision problems, memory loss, cognitive 

deficit, and movement disorders. Visual dysfunction is one of the most common clinical 

manifestations of MS.

There is a growing interest to include sensitive measures of visual function and retinal 

thickness in MS clinical trials such as optical coherence tomography, magnetic resonance 

imaging, and electrophysiological measures.1,2

Visual dysfunction in MS results from optic neuritis and MS-induced pathology can lead to 

temporary or permanent vision loss. Optic neuritis is characterized by thinning of the nerve 

fiber layer, degeneration of retinal ganglion cells (RGCs) and loss of inner retinal function 

secondary to optic nerve degeneration.3-6 Current medications available for treating MS are 

only partially effective as they specifically target the inflammatory phase, but not the 

neurodegenerative phase, and therefore have limited effects on long-term disability.7, 8 

During the past decade, many advancements have occurred in the field of MS treatment. 

There are several disease-modifying therapies (DMTs) approved for the treatment of MS in 

the USA. However, none of these agents are proven to be neuroprotective, so the need for 

better treatment strategies for MS remains. Major treatment options include interferon beta 

(IFNβ) and glatiramer acetate (GA). Fingolimod, which is approved in 2010 in United States 

is the first oral DMT. Since then, a number of other oral medications has been validated or 

are in clinical trials.9,10 Currently, three monoclonal antibodies are approved for MS therapy 

and some other agents are in the final phase of development. Although significant progress 

in MS treatment has occurred, it is not clear whether the current medications will address the 

future needs of MS associated disabilities. There is a great need for identifying new agents 

that target both inflammatory and neurodegenerative phases of the disease.

Experimental autoimmune encephalomyelitis (EAE) is a widely used rodent model to study 

MS associated pathophysiology including optic neuritis 11, 12, 13-15 Both MS and EAE are 
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characterized by inflammation and neurodegeneration. Previous studies have shown that 

EAE mice develop retinal inflammation, RGC loss, Muller cell activation, and infiltration of 

macrophages.16, 17-19 However, the molecular mechanisms by which EAE mediates retinal 

inflammation and neuronal damage are still to be elucidated.

Arginase is a metalloenzyme, which converts L-arginine to urea and ornithine. Excessive 

arginase activity has been reported in pathologies associated with cardiovascular diseases, 

diabetes, hypertension and aging.20 Arginase has two isoforms, arginase 1 (A1) which is 

cytosolic and primarily expressed in the liver where it mediates ammonia detoxification, and 

arginase 2 (A2) which is mitochondrial and primarily expressed in the kidney. Both isoforms 

are also expressed in the brain and retina and have been implicated in the pathophysiology of 

several neurodegenerative conditions.20 Our laboratory has previously demonstrated the 

involvement arginase in retinal neuronal damage and dysfunction. We have shown that 

deletion of A2 significantly reduced neurodegeneration and improved retinal function in a 

mouse model of oxygen-induced retinopathy (OIR).21 A2 deletion also significantly 

improved RGCs survival in a model of retinal ischemia-reperfusion (IR) injury.22 Our recent 

study using a model of traumatic optic neuropathy (TON) further demonstrated the 

beneficial effect of A2 deletion on RGCs survival.23

In the current study, we examined the protective effect of A2 deletion on EAE induced 

neurodegeneration in the retina. A combination of clinical scoring, molecular analyses and 

imaging techniques were employed to investigate the impact of A2 deletion in the EAE 

retina during the disease.

MATERIALS AND METHODS:

Animals and Induction of EAE

All animal procedures complied with the ARVO statement for the use of Animals in 

Ophthalmic and Vision Research. Female (12 weeks old) wild type C57BL/6J (WT) and 

arginase 2 knockout (A2−/−) mice on C57BL/6J background were maintained in our animal 

facility and used in this study. Chronic EAE was induced using Hooke EAE induction kit 

(Hooke laboratories, Lawrence, MA, cat # EK-2110), and according to the previously 

published method with minor modifications.24 Briefly, mice were immunized on day 0 by 

subcutaneous injections in the flank region with a total of 200μl of emulsion containing 

myelin oligodendrocyte glycoprotein (MOG35-55) peptide (200 μg/mouse) along with 

complete Freund’s adjuvant (CFA, killed Mycobacterium tuberculosis H37Ra (final 

concentration 400 μg/pl)). Additionally, each mouse received 100 ng of pertussis toxin 

(PTX) by i.p. injection in 50 μl of PBS on day 0 (1-2 hours after MOG35-55/CFA injection) 

and day 1 post-immunization (total dose given of PTX is 200 ng). PTX was freshly diluted 

each day in cold PBS. Control group was immunized with CFA without antigen (MOG 

peptide) while two doses of PTX were given on day 0 and day 1. This protocol resulted in 

four groups; group 1 (WT control): WT mice immunized with CFA with two injections of 

PTX; group 2 (WT EAE): WT mice immunized with MOG in CFA with two injections of 

PTX; group 3 (A2−/− control): A2−/− mice immunized with CFA with two injections of 

PTX; and group 4 (A2−/− EAE): A2−/− mice immunized with MOG in CFA with two 

injections of PTX.
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Clinical disease was monitored daily in a blinded fashion by measuring paralysis according 

to the following conventional grading system: 0, no disease; 1, complete loss of tail tonicity; 

2, partial hind limb paralysis (uneven gate of hind limb); 3, complete hind limb paralysis; 4, 

complete hind and forelimb paralysis; and 5, moribund or dead.24 Animals displaying 

paralysis on all four limbs and/or weight loss more than 15% were sacrificed. Soft food was 

provided in the cage for paralyzed mice. At various time points after EAE (or control) 

induction, mice were euthanized by overdose with ketamine/xylazine cocktail and eyeballs 

or retinas were harvested and prepared for analysis. The experimental design and analyses 

endpoints are shown in Figure 1A.

Quantitative RT-PCR

Total retinal RNA extract was prepared and reverse-transcribed as previously described.22 

Quantitative PCR was conducted using ABI StepOne Plus Thermocycler (Applied 

Biosystems, Foster City, CA) using master mix (Power SYBR Green, Invitrogen, Carlsbad, 

CA). Mouse primer sequences are shown in table 1. Data were normalized to hypoxanthine 

phosphoribosyltransferase (HPRT) and the fold change between levels of different 

transcripts was calculated by the ∆∆CT method.

Spectral Domain Optical Coherence Tomography (SD-OCT) analysis

Thickness of retina and retinal layers was assessed using optical coherence tomography 

(OCT). Mice were anesthetized using ketamine/xylazine (73 mg/kg ketamine hydrochloride 

and 7.3 mg/kg xylazine hydrochloride, i.p.; Sigma-Aldrich Corp., St. Louis, MO). Pupils 

were dilated with 1% tropicamide (Bausch & Lomb, Tampa, FL) followed by application of 

GenTeal Lubricant Eye Gel (Alcon, Ft. Worth, TX). B-scan images were taken using the 

Bioptigen Spectral Domain Ophthalmic Imaging System, SDOIS; Bioptigen Envisu R2200, 

NC) as we previously described.25 Average values of retinal layers’ thickness were 

generated using InVivoVue software (Bioptigen Inc.).

Western Blotting

Retinas were collected and homogenized in RIPA buffer (Millipore, Burlington, MA) 

containing protease and phosphatase inhibitors (Complete Mini and phosSTOP Roche 

Applied Science, Indianapolis, IN). Retinal protein lysates were run on SDS-PAGE and 

transferred to nitrocellulose membranes (Millipore). Membranes were blocked in 5% milk 

(Bio-Rad, Hercules, CA) in Tris-buffered saline with 0.05% Tween-20 (TBS-T) and 

incubated with primary antibodies (Table 2) overnight at 4°C. The membranes were further 

incubated with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare 

Bio-Science Corp., Piscataway, NJ; 1:2000). Signals were detected using the enhanced 

chemiluminescence system (GE Healthcare Bio-Science Corp.). Densitometric analysis was 

conducted using ImageJ and normalized to β-actin as loading control.

Immunofluorescence staining on retinal sections

Immunostaining on retinal sections was performed as described previously.22 Eyes were 

enucleated, fixed in 4% PFA (overnight at 4°C), washed in PBS, and cryoprotected in 30% 

sucrose. Cryostat sections (10 μm) were prepared and mounted on glass slides. The sections 
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were permeabilized in 0.05% Triton X-100 (10 min) and blocked in 10% normal goat serum 

for 1 h at room temperature. Sections were then incubated with primary antibodies (Table 1) 

overnight, followed by 1 h incubation with fluorescein-conjugated secondary antibodies 

(Invitrogen, Carlsbad, CA; 1:400) as previously described.22 Sections were washed in PBS 

and covered with mounting medium (Vector Laboratories Cat. # H-1000, Burlingame, CA). 

Images were taken using a confocal microscope (LSM 780; Carl Zeiss, Thornwood, NY). 

Quantification of fluorescence intensities of GFAP signal was performed using ImageJ 

software. The analysis included measuring fluorescent signal from the nerve fiber layer of 

the retina to the outer limiting membrane.

Retinal flatmount analysis

Eyeballs were collected at 60 days following EAE induction and fixed in 4% 

paraformaldehyde (PFA) at 4°C overnight. Retinal flatmounts were prepared and neuronal 

survival on the RGC layer was quantified as we described previously.22 Immunostaining was 

performed using neuronal marker, NeuN (Neuronal Nuclei), and RGC specific marker, 

Brn3a (brain-specific homeobox/POU domain protein 3A).26, 27 Briefly, retinal flatmounts 

were incubated with antibodies (1:200 dilution) for 2 h at 37°C, and then incubated 

overnight with fluorescein-conjugated secondary antibodies (Invitrogen, Carlsbad, CA; 

1:400). Four images per retina were taken in the mid-periphery of the ganglion cell layer 

(GCL) using a confocal microscope (LSM 780; Carl Zeiss, Thornwood, NY) and 

quantification was performed using NIH ImageJ software. Data are presented as a 

percentage of NeuN or Brn3a positive cell numbers in the ganglion cell layer (GCL) relative 

to the WT control retinas.23 In order to quantify microglial activation, retinal flatmouts were 

immunostained as described above, using Iba1 antibody, and imaged using confocal 

microscopy (four images per retina at the mid periphery). Optical density was calculated 

using NIH ImageJ software.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 7 (GraphPad Software Inc., La 

Jolla, CA). The Student’s t-test (two-tailed) was used for single comparisons and two-way 

ANOVA followed by Tukey test was used for multiple comparisons. A p-value < 0.05 was 

considered statistically significant. Results are presented as mean ± SEM.

RESULTS

A2 deletion improved EAE-induced motor deficits.

EAE is a widely accepted animal model of MS. It mimics the progressive demyelination 

associated with MS leading to gradual paralysis in mice. In the current study, we employed 

an active immunization model to induce chronic EAE in WT and A2−/− mice using myelin 

oligodendrocyte glycoprotein (MOG) peptide. EAE progression and evaluation was 

continued up to 60 days after induction. Animals were euthanized at different time points for 

analysis as depicted in Fig 1A.

Initial signs of paralysis indicated by the loss of tail tonicity started at day 9 in WT mice. 

Clinical symptoms of EAE further increased gradually in WT mice, as measured by the 
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clinical score. A slight improvement was observed between days 18 and 23 but this change 

was not statistically significant. Animals displayed the most profound clinical EAE 

symptoms between days 28 and 33. In A2−/− mice induced with EAE, appearance of the 

initial signs of paralysis was slightly delayed (beginning at day 11) and the clinical scores 

were significantly lower compared to WT EAE mice. In general, EAE-induced motor 

deficits were milder in A2−/− EAE mice as depicted by the lower clinical scores throughout 

the induction period (Fig. 1B). C57B/L6 mice, unlike mice on the SJL background, are 

reported to develop chronic, non-relapsing EAE. While we did notice improvement of 

clinical scores in our WT mice, the slight recovery pattern observed in our study, was not 

statistically significant.

Expression of A2 is upregulated in EAE retinas.

Changes in the expression of A2 in response to EAE induction were examined using 

Western blotting. A significant increase in A2 protein level was observed in the WT EAE 

retinas (15 days post induction) as compared to controls (Fig. 2A, B). Immunolabeling 

studies showed increased A2 expression in the outer plexiform layer (OPL) and to a lesser 

extent in the inner nuclear layer (INL) as well as the ganglion cell layer (GCL) (Fig. 2C-F). 

Colocalization studies were done using markers for retinal ganglion cells (Brn3a), amacrine 

cells (ChAT, Choline acetyl transferase), horizontal cells (calbindin) and astrocytes (GFAP) 

(Fig. 2G-J). Expression of A2 was localized in calbindin, Brn3a and ChAT positive cells. A2 

expression was not observed in GFAP positive cells. These results are consistent with our 

previous studies in ischemic retinopathy models.21 Retinas from A2−/− mice did not show 

any expression of A2.

EAE-induced neurodegeneration is reduced in A2−/− retina.

Loss of RGCs is a major feature of EAE-induced retinal injury.16, 28-30 In the current study, 

EAE-induced RGC loss was investigated using retinal flatmount analysis. Representative 

images of flatmounts (60 days post immunization) immunostained using the GCL marker 

Brn3a (Fig. 3A-D) and the neuronal marker NeuN (Fig. 3F-I) showed a marked reduction in 

GCL neurons in the WT EAE retinas. However, A2 deletion significantly improved the 

survival of the GCL neurons. Quantification of both Brn3a positive cells (Fig. 3E) and NeuN 

positive cells (Fig. 3J) in the GCL showed similar decreases of about 50% in WT EAE 

retinas as compared to WT controls. This EAE-induced RGC loss was significantly reduced 

in A2−/− retinas, compared to WT, as measured by both markers. Immunostaining of retinal 

cryostat sections using NeuN and Brn3a demonstrated similar results (Fig. 3K-N) further 

confirming improved RGC survival in A2−/− EAE retinas.

Immunofluorescence studies on retinal sections (60 days post induction) using Tuj1 (Fig. 

4A-D) and synaptophysin (Fig. 4E-H) antibodies further support EAE-induced degeneration 

of retinal neurons. A marked reduction in the Tuj1 immunostaining observed in WT EAE 

retinas indicated the axonal loss in response to EAE treatment. A2 deletion improved the 

levels of Tuj1 expression in the EAE retinas in comparison with WT EAE retinas. 

Synaptophysin (a pre-synaptic marker) immunostaining was performed to examine loss of 

synapses due to neuronal injury in the EAE model.31 Marked thinning of the synaptic zone 

(evidenced by around 36% decrease in the thickness of synaptophysin signal) in the inner 
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plexiform layer (IPL) of WT EAE retinas indicated a reduction of synaptic contacts in the 

WT EAE retina. Deletion of A2 improved the IPL synaptic zone thickness in the EAE retina 

(around 27% compared to control retinas), suggesting improved synaptic contacts.

Analysis of EAE-induced retinal thinning.

EAE-induced changes in retinal structure was examined in live mice (50 days post 

induction) using optical coherence tomography (OCT) (Fig. 5A-D). Similar to previous 

reports,17 EAE mice exhibited significant retinal thinning as compared to the control group. 

The thinning was pronounced in total retina and the ganglion cell complex (GCC: RNFL

+GCL+IPL) thickness. A2−/− EAE retinas showed a trend towards the preservation of retinal 

thickness, however, this did not reach statistical significance (Fig. 5E, F).

A2 deletion ameliorates EAE-induced glial alterations after EAE.

Activation of glial cells has been previously reported in EAE mice.32 In the current study, 

we examined GFAP immunostaining as a marker of macroglial activation in retinal cryostat 

sections from WT and A2−/− EAE mice and their respective controls (Fig. 6A-D). WT EAE 

retinas showed increased GFAP expression beyond the Muller cell end-feet into the inner 

retina layers. A2−/− EAE retinas showed decreased GFAP expression as compared to WT 

EAE which was confirmed by the quantification of the GFAP fluorescence signal using 

ImageJ software (Fig. 6E).

Deletion of A2 reduced EAE-induced inflammatory response.

We next investigated the changes in EAE-induced retinal inflammatory response in relation 

to A2 deletion (Fig 7). Analysis of mRNA levels using qPCR showed downregulation of 

pro-inflammatory genes interleukin (IL-) 12α, C-C motif chemokine ligand 2 (CCL2), 

cyclooxygenase 2 (COX2) in A2−/− EAE retinas as compared to WT EAE retinas. A2 

deletion increased the anti-inflammatory molecule IL-10 and arginase 1 (A1) levels in EAE 

retinas but did not affect the expression of IL-18 or tumor necrosis factor (TNF)α as 

compared to WT EAE retinas. Further, we investigated microglial activation as a measure of 

the inflammatory response in retinal sections at 30 days (Fig 8A-D) and 60 days (Fig 8E-H) 

following EAE induction. Consistent with the increased inflammatory response, WT EAE 

retinas showed increased microglial activation at both time points studied, as visualized by 

Iba1 immunostaining. A2 deletion ameliorated the EAE-induced microglial activation. 

Quantification of Iba1 immunofluorescence on retinal flatmounts demonstrated decreases in 

Iba1 levels in A2−/− EAE retinas as compared to WT EAE retinas (Fig. 8 I-K). Studies on 

inflammasome signaling showed significantly increased expression of cleaved caspase-1 in 

WT EAE, however, A2 deletion did not alter this upregulation. Changes observed in p-NFkB 

and NLRP3 were not statistically significant in either WT EAE or A2−/− retinas compared to 

the controls (Fig S1).

EAE-induced stress signaling is reduced in the A2 retina.

Studies of EAE-induced stress activation were performed using Western blotting on retinal 

samples collected 15 days post induction. Western blotting analysis revealed an increase in 

the stress marker p-ERK 1/2 (Fig. 9A-C) in the WT EAE retinas compared to WT controls. 
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Conversely, BAD phosphorylation was significantly decreased in the WT EAE retinas (Fig. 

9A, D), suggesting a reduction in pro-survival signals. These changes were reversed with A2 

deletion reflecting a decrease in stress and an increase in survival signaling in A2−/− retinas 

following EAE induction. Differences in the pro-survival marker p-Akt were not observed 

(data not shown).

DISCUSSION

Using a well-established experimental model of MS, the current study was undertaken to 

investigate the impact of A2 deletion in the EAE retina. Our results demonstrate the 

protective effect of A2 deficiency against EAE-induced neurodegeneration. In response to 

EAE, mice lacking A2 showed increased RGC survival, improved synaptic contacts, reduced 

retinal inflammatory response, decreased glial activation, together with improved motor 

skills, compared to their WT counterparts. To the best of our knowledge, this is the first 

report demonstrating the impact of A2 deletion on the EAE-induced neurodegeneration in 

the retina.

The C57BL/6 mouse model of MOG-induced chronic EAE has been extensively used by 

several laboratories to study optic neuritis and neurodegeneration in the retina.16, 19, 30, 33 

Similar to other studies, EAE-induced motor deficits were clearly evident in WT mice.
16, 19, 32 Moreover, our results demonstrated that A2 deletion significantly improved the 

clinical symptoms. Our data support a recent study by Choudry et al.34 in which EAE-

induced inflammatory changes were studied in spinal cord tissues. The authors showed 

improved clinical score in A2−/− EAE mice similar to our findings, and they additionally 

reported a marked delay in the onset of clinical score symptoms in the A2−/− mice. The 

discrepancy in the onset between the two studies could be due to the difference in the timing 

of PTX administration (day 0 and 2 versus day 0 and 1 in our study), the age of mice at 

induction (9 weeks versus 12 weeks in our study) and housing conditions.34

The upregulation of A2 observed in the EAE retina is consistent with our findings in other 

retinal neurodegenerative models suggesting that A2 plays an important role in retinal 

disease pathology. 21-23 More specifically, the localization data showing expression of A2 in 

the OPL in the EAE retinas is similar to what we have previously reported in the OIR mouse 

model.21 Degeneration of RGCs is a characteristic feature of the EAE retina and is a major 

cause of visual dysfunction in MS patients.16 Similar to the findings from other laboratories,
16, 32, 35, 36 we have observed a significant reduction in RGCs in the EAE retina. This RGC 

loss was significantly abrogated by A2 deletion. The retinal neuroprotection with A2 

deletion observed in the EAE mice is comparable to our previous results in other models of 

retinal neurodegeneration such as OIR, IR and ONC.21-23 Quantification of RGC loss with 

the neuronal marker, NeuN, and the specific RGC marker, Brn3a, showed comparable 

results. This suggests that the neurodegeneration is mostly due to RGC loss, which is in 

agreement with previously published literature on EAE model.16,32,35,36 Moreover, A2−/− 

retinas exhibited preserved RGC axons and neuronal synapses as measured by Tuj1 and 

synaptophysin immunostaining on retinal sections. Interestingly, the neuroprotection in 

A2−/− retinas did not translate significantly in the preservation of inner retinal thickness 

(studied by SD-OCT) as compared to WT EAE retinas. The current study did not evaluate 
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visual function in the EAE mice, and hence it is not yet clear whether preservation of RGCs 

in the A2−/− retina improved visual function. We are planning to address this issue in our 

future studies.

We have previously reported that A2 deletion leads to a reduction in retinal inflammatory 

responses.21-23, 37 In the present study, A2 deletion was associated with decreased mRNA 

levels for inflammatory genes, (IL-1α, IL-12α, CCL2, and COX2) that have been reported 

to be involved in EAE pathology.38-41 Interestingly, marked reductions in the level of COX2 

and IL-1α were observed in the A2−/− control retinas compared to WT controls. Induction of 

EAE did not significantly alter the levels of these mRNAs in A2−/− retinas. This decreased 

inflammatory response in A2−/− retinas was associated with reduced microglial activation 

manifested by reduced Iba1 immunofluorescence. Inflammasome activation is reported in 

EAE. 42, 43 However, A2 deletion did not alter the levels of IL-18, TNFα, p-NFkB, NLRP3 

or Cleaved Caspase1, compared to WT EAE. These results suggest that neuroprotective 

effects conferred by A2 deletion could be independent of inflammasome signaling in the 

EAE retina. Further studies are needed to confirm this observation. The current study did not 

evaluate T-cell infiltration in the EAE retina. Our future study will investigate whether A2 

deletion impacts T-cell infiltration or alters T-cell interaction with microglia. Activation of 

Müller glia is considered as an indication of retinal injury during a disease or stress 

condition, and is manifested in retinal neurodegenerative conditions.44 Our results are 

consistent with previous reports showing activation of macroglia in response to EAE 

induction.32 The reduced GFAP levels observed in A2−/− retina is consistent with decreased 

retinal inflammation and injury in response to EAE.

In the current study, A2−/− mice subjected to EAE showed a reduction in phosphorylation of 

ERK and an increase in phosphorylation of BAD. Activation of ERK signaling in the EAE 

model has been reported by others to be associated with the inflammatory response.45-47 In 

our study, reduction in ERK activation in A2−/− retina suggests a role for A2 in EAE-

induced retinal inflammation, in addition to its cytotoxic effects. Consistent with our results, 

decreases in p-BAD have been reported,48 suggesting a decrease in pro-survival signaling 

during EAE. BAD is proapoptotic member of the Bcl-2 family that promotes cell death by 

displacing Bax from binding to Bcl-2 and Bcl-xL. Phosphorylation of BAD at serine 112 or 

136 promotes cell survival by binding to 14-3-3 proteins and thus preventing the association 

of BAD with Bcl-2 and Bcl-xL49. Akt phosphorylates BAD at serine 136, and the serine 112 

phosphorylation is by p90RSK.50, 51 Changes in other survival molecules such as p-Akt 

have been reported in EAE.52, 53 However, we did not observe any changes in p-Akt in the 

present study (data not shown). This could be due to differences in analysis time points 

and/or differences in the experimental model employed.

Similar to our findings, another study using the non-specific arginase inhibitor, amino-6-

boronohexanoic acid (ABH), showed a milder EAE disease course and reduced 

inflammatory response with arginase inhibition.54 The study by Choudry et al.34 using the 

global A2−/− mice suggested that A2 in dendritic cells may be promoting EAE via increased 

production of Th17-differentiating cytokines. Interestingly, they did not detect changes in 

A1 with A2 deletion. In our hands, we found significant upregulation of A1 mRNA in A2−/− 

EAE retinas which may account, at least partly, for the protective effects seen with A2 
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deletion. Our future studies will be directed to address the possible interaction between the 

two isoforms of arginase after EAE in retinal tissue and their relation to the nitric oxide 

synthase (NOS) enzymes, which share the same substrate, L-arginine.

Lack of evidence for specific signaling pathways regulated by A2 is a limitation of the 

current study. Increased oxidative stress is a key mediator in MS and optic neuritis.19, 55, 56 

There are several possible sources of reactive oxygen species (ROS) or reactive nitrogen 

species (RNS) in MS and EAE such as activation of microglia and macrophages, and altered 

function of nitric oxide synthase (NOS) to produce superoxide. Studies have shown that 

expression of inducible NOS (iNOS) as well as activation of microglia are enhanced in MS 

lesions and EAE animals 57-59 As such, the role of iNOS has been studied in EAE with 

conflicting reports on a protective versus a pathologic role of the iNOS enzyme and its 

product, nitric oxide (NO).60-62 Studies performed on cerebrospinal fluid and plasma 

samples have demonstrated iNOS and arginase as key players of neuroinflammation in EAE 

rats. 63 Our investigations in diabetic retinopathy model showed increases in superoxide and 

peroxynitrite formation subsequent to increased arginase activity.64, 65 Our studies in the 

OIR model have identified altered polyamine metabolism (by spermine oxidase) 

downstream of the arginase signaling pathway, as a source of oxidative stress and damage to 

retinal neurons.37 In the future studies, we will be investigating the specific signaling 

mechanisms regulated by A2 in mediating neuroinflammation in the EAE retina.

In conclusion, our data show that A2 is critically involved in EAE-induced retinal 

neurodegeneration, inflammatory response. Targeting arginase signaling could be a potential 

therapeutic strategy for treatment of optic neuritis in MS patients.
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Figure 1: EAE induction and evaluation of clinical scores.
A) Schematic representation of the time points of EAE induction and experiments 

performed. B) Animals were evaluated every day and the clinical scores were recorded 

according to a 0–5 scale (see methods section for details). WT EAE mice showed 

progressively increasing clinical score starting at day 9. A2−/− EAE mice showed 

significantly lower clinical score as compared to WT EAE mice. Both control groups 

showed no signs of motor deficits. *p<0.05, A2−/− EAE vs WT EAE for days 11-21, 24-37, 

41-43 and 47. #p<0.05, WT and A2−/− EAE groups vs respective control groups starting at 

days 11 and 14 respectively, and till the end of the experiment. N = 17-26 per group. Four 

animals in WT EAE and two in A2 −/− EAE group died or were sacrificed due to weight 

loss. Data are presented as mean ± SEM.
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Figure 2: Expression of arginase 2 is increased in the WT EAE retina.
A, B) Western blotting and quantification showed a significant increase in A2 expression in 

the WT EAE retinas at 14-day post immunization as compared to WT control. C-F) 
Representative immunofluorescence images showing increased expression of A2 in WT 

EAE retina as compared to WT control. No expression of A2 is observed in A2−/− retinas. 

G-J) Colocalization studies showing expression of A2 in retinal ganglion cells (Brn3a), 

amacrine cells (ChAT), and horizontal cells (calbindin). * indicate areas of colocalization. 

Scale bar: 50 μm. Data are presented as mean ± SEM #p< 0.05. N = 4-5.
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Figure 3: A2 deletion protects against EAE-induced RGC loss.
Representative confocal images showing the immunolabeling of retinal flat mounts with 

Brn3a (A-D) and NeuN in the GCL layer (F-I). Quantitative analysis demonstrating 

significant loss of NeuN-positive (E) and Brn3a positive (J) cells in the GCL in response to 

EAE induction. A2 deletion significantly protected against the EAE induced neuronal loss. 

Data are presented as mean ± SEM. * (P < 0.01); # (p< 0.05). N = 6-7 per group. Scale bar: 

50 μm. K-N) Confocal images of retinal cryostat sections immunostained with NeuN, Brn3a 

and DAPI. Arrows indicate areas of cell loss. Scale bar: 50 μm. GCL, ganglion cell layer; 

INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer 

plexiform layer. N= 4-6, and representative images are presented.
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Fig 4. EAE-induced neurodegeneration in the inner retina is decreased by A2 deletion.
Confocal images of retinal cryostat sections showing the immunolabeling of Tuj1 (A-D), a 

marker for RGCs and their axons, and synaptophysin (E-H), a pre-synaptic marker. A 

marked reduction is observed in the expression of both Tuj1 and synaptophysin in WT EAE 

retina, while A2 deletion markedly improved their levels. EAE-induced downregulation of 

both markers was markedly improved in A2 retinas. Brackets indicate synaptic zone 

thickness. Scale bar: 100 μm. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner 

plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer. N= 4-6, and 

representative images are presented.
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Figure 5: EAE induced retinal thinning is abrogated by A2 deletion.
A-D) Representative B-scan images from control and EAE retinas, using Spectral Domain-

Optical Coherence Tomography (SD-OCT). Scale bar: 100 μm E-F) Quantitative analysis 

showing significant reduction in the thickness of total retina and IPL (inner plexiform layer) 

in WT EAE compared to WT controls. These changes are partially rescued in the retinas of 

the A2−/− mice but the differences are not statistically significant. Data are presented as 

mean ± SEM. *p<0.01; #p< 0.05. N= 8-13.
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Figure 6: A2 deletion ameliorates EAE-induced glial activation.
A-D) Immunofluorescence staining of retinal sections (60 days post immunization) using 

GFAP antibody, demonstrating activation of glial cells in the WT EAE retina. Deletion of 

A2 markedly reduced this effect. Arrows indicate activated Muller cell processes. (E) 
Quantification of the GFAP immunofluorescence intensity (from nerve fiber layer to outer 

limiting membrane) showing the increased GFAP level in the WT EAE retinal sections. A2 

deletion significantly reduced this effect. N =4-6, and representative images are presented. 

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer 

plexiform layer; ONL, outer nuclear layer. Scale bar: 50 μm. Data are presented as mean ± 

SEM. *p<0.01; #p<0.05.
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Figure 7: A2 deletion suppresses EAE-induced inflammatory response.
A-D) RT-PCR analysis demonstrating changes in mRNA levels of pro-inflammatory 

cytokines and chemokines in EAE retinas (30 days post immunization). IL-12α (A), CCL2 

(B), COX2 (C) and IL-1α (D) mRNA levels were markedly reduced by A2 deletion in EAE 

groups. E-F) EAE-induced increases in TNFα and IL-18 were not affected by A2 deletion. 

G-H) A2 deletion significantly increased the anti-inflammatory molecules IL-10 and A1 as 

compared to WT EAE and control groups. Data are presented as mean ± SEM. *p<0.01; #p< 

0.05. N = 3-10.
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Figure 8: A2 deletion ameliorates EAE-induced microglial activation.
A-D) Immunofluorescence staining for Iba1 (a microglia/macrophage marker) on retinal 

sections (30 days post immunization (dpi)) showed increased microglial activation in the 

WT EAE retina. A2−/− EAE retina showed reduced microglial activation. EAE-induced 

microglial activation continued to be observed in WT EAE retina at 60 days post 

immunization (dpi), A2 deletion reduced this activation (E-H). N =4-6, and representative 

images are presented. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner 

nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer. Scale bar: 50 μm. I-J) 
Iba1 immunostaining on retinal flatmounts from WT EAE and A2−/− EAE retinas. K) 

Quantification of Iba1 fluorescence intensity on retinal flat mounts showing significant 

downregulation in the A2−/− EAE group as compared to WT EAE. Data are presented as 

mean ± SEM. *P <0.01. Scale bar:50 μm.
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Figure 9: Deletion of A2 reduced EAE induced stress signaling in the retina.
A) Western blot studies showing increased levels of p-ERK1/2 and reduced p-BAD levels in 

WT EAE retina. These changes were reversed in A2−/− EAE retina. B-D) Quantitative 

analysis of western blots demonstrate significantly increased levels of p-ERK1/2 and 

reduced levels of p-BAD in the WT EAE retina compared to WT control. Deletion of A2 

altered the EAE-induced increase in p-ERK1 levels and reduction in p-BAD levels. Data are 

presented as mean ± SEM. *P < 0.01; #p< 0.05. N=3-6.
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Table 1:

Primer sequences used in the study.

Gene Name Assay ID Company

IL12α Mm00434165_m1 Life Technologies Corp. Grand Island, NY

IL1α Mm00439620_m1 Life Technologies Corp. Grand Island, NY

COX2 Mm03294838_g1 Life Technologies Corp. Grand Island, NY

CCL2 Mm00441242_m1 Life Technologies Corp. Grand Island, NY

IL-10 Mm01288386_m1 Life Technologies Corp. Grand Island, NY

Arginase 1 Mm00475988_m1 Life Technologies Corp. Grand Island, NY

HPRT Mm00446968_m1 Life Technologies Corp. Grand Island, NY

IL18 Forward primer: TCAAAGTGCCAGTGAACCCC
Reverse primer: GGTCACAGCCAGTCCTCTTAC

SA Biosciences, Germantown, MD

TNFα Forward primer: GGTCCCCAAAGGGATGAGAA
Reverse primer: TGAGGGTCTGGGCCATAGAA

SA Biosciences, Germantown, MD

HPRT Forward primer: GAAAGACTTGCTCGAGATGTCATG
Reverse primer: CACACAGAGGGCCACAATGT

SA Biosciences, Germantown, MD
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Table 2:

Antibodies used in the study.

Antibody Cat. # Company Dilution Experiment

Arginase 2 SC-20151 Santa Cruz, Dallas, TX 1:500 Western blotting

Brn3a SC-31984 Santa Cruz, Dallas, TX 1:200 Immunostaining

GFAP Z0334 Dako, Carpinteria, CA 1:200 Immunostaining

Iba1 019-19741 Wako, Richmond, VA 1:200 Immunostaining

NeuN MAB377 Millipore, Billerica, MA 1:200 Immunostaining

p-BAD 4366 Cell Signaling, Danvers, MA 1:500 Western blotting

p-ERK1/2 4370 Cell Signaling, Danvers, MA 1:500 Western blotting

total ERK1/2 4695 Cell Signaling, Danvers, MA 1:500 Western blotting

Synaptophysin MABN1193 Millipore, Billerica, MA 1:200 Immunostaining

Tuj1 801202 BioLegend, San Diego, CA 1:200 Immunostaining

β-actin 4511 Sigma-Aldrich, St. Louis, MO 1:5000 Western blotting

Calbindin C9848 Sigma-Aldrich, St. Louis, MO 1: 200 Immunostaining

ChAT AB144P Millipore, Billerica, MA 1:200 Immunostaining

NLRP3 15101 Cell Signaling, Danvers, MA 1:500 Western blotting

Cleaved caspase-1 SC-514 Santa Cruz, Dallas, TX 1:500 Western blotting

p-NFkB 3033 Cell Signaling, Danvers, MA 1:500 Western blotting
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