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Physiological significance of Rag1 in neuronal death, especially optic neuropathy  
 

 

Takao Hirano, Toshinori Murata1, Takuma Hayashi2 

 
1Department of Ophthalmology, Shinshu University Graduate School of Medicine,  
3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan 
2Department of Immunology and Infectious Disease, Shinshu University Graduate School of 
Medicine, 3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan 
 
 
Correspondence  
Takuma Hayashi  
Department of Immunology and Infectious Disease, Shinshu University Graduate School of 
Medicine,  
3-1-1 Asahi, Matsumoto, Nagano 390-8621, Japan;  
Phone: +81-263-37-2611;  
email: takumah@shinshu-u.ac.jp 
 
Running title  
Rag1 is involved in retinal ganglion cell death 
 
Abbreviations  
NF- B, nuclear factor-kappa B; CNS, central nervous system; NMDA, N-methyl-D-aspartate ; 
RGCs, retinal ganglion cells; Rag, recombination activating gene; H.E., hematoxylin and eosin 
staining; IHC, immunohistochemistry; IOP, intraocular pressure; GCL, ganglion cell layer   
 
Key wards  
Rag1, NF- Bp50, programmed cell death, RGCs, optic neuropathy 

 



FEBS Journal, Hirano et al. 10 October 2014                                                 2   

Abstract 

Although the transcription factor NF- B is known to regulate cell death and survival, its precise 

role in cell death within the central nervous system remains unknown. We previously reported that 

mice with a homozygous deficiency for NF- Bp50 spontaneously develop optic neuropathy. The 

aim of the present study was to demonstrate the expression and activation of pro-apoptotic factor(s), 

which mediate optic neuropathy in p50-deficient mice. Recombination-activating gene 1 (Rag1) is 

known to activate the recombination of immunoglobulin V(D)J. In this study, experiments with 

genetically-engineered mice revealed the involvement of Rag1 expression in apoptosis of Brn3a 

positive retinal ganglion cells (RGCs), and also demonstrated the specific effect of p50-deficiency 

on the activation of Rag1 gene transcription. Furthermore, genetic analysis of murine neuronal 

stem-like cells clarified the biological significance of Rag1 in NMDA-induced neuronal apoptosis. 

We also detected the apoptotic regulating factors, Bax, and cleaved caspase 3, 8, and 9 in HEK293 

cells expressing external molecule of Rag1, and a human histological examination revealed the 

expression of Rag1 in RGCs. The result of the present study indicated that Rag1 played a role in 

optic neuropathy as a pro-apoptotic candidate in p50-deficient mice. This result may lead to new 

therapeutic targets in optic neuropathy.  

 

Introduction 

As a transcriptional factor, nuclear factor-kappa B (NF- B) plays a key role in cell survival or death 

signaling pathways, acute central nervous system (CNS) trauma, and chronic neurodegenerative 

disorders [1,2]. The NF- B family, which is primarily composed of p50/p65 (RelA) heterodimers, 

has been detected in almost animal cell types and is involved in cellular responses to stimuli such as 

stress and cytokines [3]. NF- B is sequestered in the cytoplasm of unstimulated cells by a class of 

inhibitors called I Bs. The degradation of I B allows NF- B to enter the nucleus, in which it 

specifically initiates the expression of target genes. Accordingly, the impaired regulation of NF- B 

has been linked to various diseases, including cancer, inflammatory disorders, and autoimmune 

diseases, as well as deficiencies in the processes of synaptic plasticity and memory [4]. Activated 
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NF- Bp65 has been suggested to glutamate-induced neurotoxicity, N-methyl-D-aspartate 

(NMDA)-induced retinal neuronal cell death, retinal ischemia, and reperfusion injury in the CNS 

[5-8]. We previously reported that the number of retinal ganglion cells (RGCs) in p50-deficient 

(p50-/-) mice was significantly lower than that in p50+/+ mice, suggesting that these animals 

exhibited features resembling those of human glaucoma [9]. However, the precise role of NF- B in 

cell death within the CNS remains controversial.  

Verkoczy L et al. reported that NF- B was relevant in the B-cell receptor-mediated regulation of 

recombination activating gene (Rag) locus transcription [10]. They suggested that immediately 

activated NF- B pathways may facilitate quick antigen receptor-regulated changes in Rag 

expression, which is important for editing [10]. Rag genes encode two enzymes that play key roles 

in the adaptive immune system: both Rag1 and Rag2 mediate the recombination of V(D)J, a process 

that is essential for the maturation of B and T cells [11]. Although previous studies have focused on 

the expression of Rag1 in the CNS, its role in CNS function is still unclear [12-14]. Chun JJ et al. 

demonstrated that Rag1 was present in the murine CNS, particularly in areas of high neural density, 

such as the cerebellum and hippocampal formation [12]. They suggested that Rag1 may function in 

neurons to site-specifically recombine elements of the neuronal genome or prevent detrimental 

alternations in the genomes of long-lived cells.  

We hypothesized that Rag1 may exists in the visual system and play a role in programmed cell 

death. We first confirmed the presence of Rag1, but not Rag2 transcript in the eye. The absence of 

Rag1 in p50-/- mice resulted in a decrease in optic nerve neuropathy. Along with several supporting 

lines of evidence, these results led us to the conclusion that Rag1 played a role in the programmed 

cell death of RGCs which was accelerated by NF- B, in p50-deficient mice. A protein homology 

study revealed that the human Rag1 molecule was 90% homologous with its mouse ortholog, 

suggesting that the physiological significance of Rag1 observed in mice may extend to regulation of 

human RGC survival. 

Results  

Rag1 expression in RGCs 
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We previously reported that the number of RGCs in p50-/- mice was significantly lower than that in 

littermate p50+/+ mice, suggesting that these animals exhibited features resembling those found in 

human glaucoma [9]. The aim of the present study was to identify and clarify the molecular 

mechanism underlying RGC apoptosis in p50-/- mice. Molecules specifically expressed within the 

neurocyte may contribute to apoptosis and neuropathy. Although Rag1 generally plays an important 

role in the rearrangement and recombination of genes in immune cells for host defense, previous 

studies demonstrated the presence of Rag1 in the CNS. Since the expression and biological function 

of Rag1 in the retina have not yet been reported, we performed immunohistochemistry (IHC), 

Western blot analysis, and PCR experiments on retina tissues obtained from 6-month-old p50+/+ 

mice. IHC revealed the expression of Rag1 but not Rag2 in the cytoplasm of ganglion cell layer 

(GCL) cells (Fig. 1A). Similar to the findings of previous reports, both Rag1 and Rag2 were present 

in lymphocytes [15] and Rag1 was only visible in the hippocampus [12] (Fig. 1A). Neither Rag1 

nor Rag2 were detectable in the optic nerve (Fig. 1B). Because RGCs specially express Brn3, and 

constitute approximately 40-60% of neurons in the GCL of the mouse retina, with approximately 

half of these cells being amacrine cells, Rag1 was detected in the cytoplasm of cells positively 

stained for Brn3a, which has a role in dendritic- and cell soma-related stratification of RGCs [16, 

17] (Fig. 1C). The normal rabbit IgG used in IHC did not reveal any significant findings, suggesting 

that Rag1 was specifically expressed in the cytoplasm of RGCs. Western blot analysis with 

anti-Rag1 antibody showed the expression of Rag1 in retinal crude extracts derived from both 

p50+/+ and p50 -/- mice (Fig. 1D). The expression of Rag1 in the retina was significantly higher in 

p50-/- mice than in wild type mice (Fig. 1D, E). A positive regulator of the NF- B family, such as 

RelA/cRel, may have mildly induced the expression of Rag1 in p50-/- mice. As indicated in previous 

studies, Rag1 mRNA was strongly detected in both bone marrow and thymus specimens isolated 

from p50+/+ mice [12]. Although Rag1 mRNA was faintly detected by RT-PCR in RGCs purified 

using microbead-conjugated anti-mouse CD90.2 antibodies, it was clearly identified in pan-purified 

RGCs by nested-PCR (Fig. 1F). In contrast, we could not detect Rag1 mRNA in other retinal cells. 

These results indicated that Rag1 was present specifically in RGCs.  
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Effects of Rag1 knockdown on the progressive loss of RGCs in p50-deficient mice 

We next verified the reported age-related reduction in GCL cell number in p50-/- mice. The number 

of cells in the GCL was significantly lower in p50-/- mice than in p50+/+ mice at both 6 and 15 

months of age (Fig. 2A, B). To determine whether Rag1 played a biological role in various 

physiological mechanisms in the retina, we produced p50-/-Rag1-/- double deficient mice by mating 

p50-/- mice with Rag1-/- mice. A histological examination showed that the retinas of Rag1-/- mice and 

p50-/-Rag1-/- mice at 6 months of age were normal and indistinguishable from those of p50+/+ mice 

(Fig. 2C). At 15 months, no significant differences were observed in the thickness or construction of 

any retinal layer, particularly the inner and outer nuclear layers (Fig. 2A). A closer examination 

showed no significant difference in GCL cell number between p50-/-Rag1-/- mice and p50+/+ mice. 

The GCL cell number was significantly higher in p50-/-Rag1-/- mice than that in p50 -/- mice (Fig. 

2D). The quantification of Brn3-positive cells, which indicate RGCs revealed similar results among 

the four groups (Fig. 2E, F). We subsequently investigated the integrity of RGCs by retrograde 

labeling with Fluoro-Gold. The number of labeled RGCs after 7 days of retrograde transport was 

significantly lower in 6-month-old p50-/- mice than in p50+/+ mice. This reduction was not observed 

in p50-/-Rag1-/- mice, which was consistent with our histological findings (Fig. 2G, H). To 

investigate whether the decrease in live RGCs in p50-/- mice was attributable to cell death by 

apoptotic signaling, we carried out flow cytometric analysis with Annexin V staining. The numbers 

of early and late apoptotic cells among CD90.2 positive RGCs were significantly higher in p50-/- 

mice than in p50+/+ mice. Furthermore, apoptotic cell counts were significantly lower in 

p50-/-Rag1-/- mice than p50-/- mice (Fig. 2I, J). These results indicated that Rag1 played a key role in 

apoptotic signaling in the RGCs of p50 -/- mice.  

RGC axon degeneration is a hallmark of glaucoma, we therefore evaluated glaucomatous changes 

by quantifying axon densities in optic nerve cross-section specimens from the p50+/+, p50-/-, 

p50-/-Rag1-/-, and Rag1-/- mouse groups. Unlike our results for RGCs, no major structural changes 

and no significant differences were observed in optic nerve areas among the four groups examined 
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(Fig. 3A, B). Furthermore, no remarkable differences were noted regarding RGC axon density. 

However, axon degeneration was more frequently observed in the p50-/- mouse group (Fig. 3C, D, 

E). These results suggested that RGC degeneration may have occurred in the retina due to a p50 

deficiency. In human glaucoma, RGC death is often caused by elevated intraocular pressure (IOP) 

and/or angle closure of the anterior chamber. No marked differences in IOP or no notable structural 

changes were observed in each of the 6-month-old mouse groups (Fig. 3F, G). Thus, increased IOP 

and angle closure of anterior chamber angle did not appear to be involved in RCG degeneration in 

the present. 

 

Physiological function of Rag1 involved susceptibility to NMDA-induced neurotoxicity in 

p50-/- mice 

NMDA receptor-mediated cytotoxicity is known to contribute to glaucomatous neuropathy [18], 

whereby marked cell death has been observed in the retina of p50-/- mice treated with a low-dose 

intravitreal injection of 5 nmol NMDA for 24h, however, this effect was not observed in p50+/+ mice. 

Therefore, we examined the expression of Rag1 during NMDA-induced neurotoxicity in 

4-month-old p50-/- mice that had not yet exhibited optic neuropathy. A histological examination of 

retinas 24h after an intravitreal injection of 5 nmol NMDA showed a greater decrease in the number 

of RGCs in p50-/- mice than in p50+/+ mice, as we reported previously [9]. However, no significant 

difference was observed between p50+/+ mice and p50-/-Rag1-/- mice (Fig. 4A). That treatment with 

NMDA induced cell death in the GCL more in p50-/- mice than in p50-/-Rag1-/- mice (Fig. 4B). Thus, 

NMDA-induced neurotoxicity observed in the retina of p50-/- mice appeared to be significantly 

prevented under Rag1-deficient cellular condition. These results suggested that NMDA-mediated 

neuronal cell death signaling involved the physiological function of Rag1. 

Rag1 mediates cell death in vitro

To validate the physiological function of Rag1 on NMDA-induced neuronal cell death, in vitro 

experiments were performed using mouse neuronal stem-like cells and the stably Rag1-expressing 
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HEC293-Rag1 cell line. We first examined neuronal cell survival following transfection with 

Rag1-shRNA or its negative control, Scr-shRNA. The downregulation of Rag1 by Rag1-shRNA 

resulted in less in NMDA-induced neuronal cell death than that by Scr-shRNA (Fig. 4C-F). Western 

blot experiments with whole cell lysates obtained from the HEC293-Rag1 cell line and its control 

cell line, HEC293-control, were subsequently performed in order to verify the physiological 

function of Rag1 in the apoptosis signal cascade. The expression of the apoptotic signaling factors 

Bax, and cleaved caspase-3, 8, and 9 in the HEC293-Rag1 cell line was significantly higher than 

that in the controls (Fig. 4G). Rap75 and Tubulin as internal controls in Rag1-overexpressing cell 

lysates were detected at similar levels to those in control lysates. These findings demonstrated that 

Rag1 contributed specifically to the NMDA-induced apoptosis signal cascade.  

Rag1 is detected in the human GCL  

We examined the expression of Rag1 in the human retina using normal adult eyes purchased from 

Capital Bioscience, Inc. Similarly to our IHC analysis of the mouse retina, Rag1, but not Rag2, was 

detected in the cytoplasm of RGCs in the human retina (Fig. 5A, B). To determine whether the 

Rag1 expressed in human retinas had similar function to that in mice, we investigated Rag1 protein 

homology using NCBI BLAST version 2.2.29. Mouse Rag1 showed a high sequence homology of 

90% with its human ortholog (Fig. S1). Taken together, these results suggested that Rag1 

participated in the programmed cell death of RGCs in both human and mouse retinas. 

Discussion 

The intracellular pathways related to cell survival regulate neuronal physiology during embryonic 

development as well as the pathogenesis of various neurodegenerative disorders. The NF- B 

pathway was discovered in 1986 as a transcription modulator of the light chain of B lymphocyte 

immunoglobulins [19]. Subsequent studies have shown that NF- B is a ubiquitously expressed 

dimeric transcription factor involved in numerous cellular processes, such as inflammation, 

differentiation, apoptosis, and oncogenesis. NF- B is a dimer composed of members of the Rel 

family, which includes RelA(p65), RelB, and c-Rel [20]. The NF- B family plays important roles in 
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nervous system development and pathology by influencing neuronal apoptosis, neurite outgrowth, 

and synaptic plasticity. However, the range of intercellular signals and transduction mechanisms 

that regulate NF- B activity in neurons is broad and complex. Knockout mice have been 

extensively used to assess different gene components in the NF- B pathway. For instance, p50-/- 

mice exhibited the age-related degeneration of neuronal and non-neuronal cells and defective 

NF- B activation resulted in apoptosis in the striatal neurons in a Huntington disease model [21-23]. 

Our group also reported that the number of RGCs was significantly lower in p50-/- mice than in 

p50+/+ mice, suggesting a relationship between NF- B activity and neuronal apoptosis [9].Therefore, 

we searched for a new target related to NF- B pathways in neurons. 

Rags which comprise Rag1 and Rag2 subtypes, are a group of stable DNA fragments that play a 

critical role in the development and maturation of lymphocytes [15]. Rags have been detected not 

only in the immune systems of mammals and amphibians, but also in their nervous systems; low 

levels of Rag1 transcripts have been found in the murine CNS in several studies [12-14, 24]. 

Although the role of the Rag1 locus in the CNS is currently unclear, Rags are known to be regulated 

by NF- B [10]. Based on the above-mentioned findings, we focused on Rag1 as a novel candidate 

target related to NF- B pathways in neurons using p50-/- mice as a model of optic nerve neuropathy. 

Since no studies have been published on the expression of Rag1 in the visual system, we initially 

confirmed the presence of Rag1 transcripts in this area and located them in RGCs. In vertebrate 

embryonic development, the retina and optic nerve originate as outgrowths of the developing brain, 

and, thus, the retina is considered to be part of the CNS. Furthermore, three-dimensional cultures of 

mouse embryonic stem cell aggregates have demonstrated the autonomous formation of the optic 

cup, which develops into the outer and inner layers of the retina structure from brain balls [25]. 

Glutamate is the major excitatory neurotransmitter of the vertical pathways through the retina, 

wherein RGCs first express the NMDA glutamate receptors that are typical in the brain [26, 27]. 

Since the brain and retina have a close relationship in genesis and neurotransmission, it is plausible 

that Rag1, which has been detected in hippocampus, is also expressed in the retina.  

  We assessed the precise role of Rag1 in the retina using experiments with p50-/- mice, which 



FEBS Journal, Hirano et al. 10 October 2014                                                 9   

exhibit age-dependent decreases in RGCs. A lack of Rag1 in p50-/- mice diminished the loss of 

RGC, which was confirmed by several lines of evidence in the present study. These results 

promoted us to speculate that Rag1 may play a role in the programmed cell death of RGCs. We 

found that Rag1 was also localized in the nucleus of RGCs in 15-month-old p50-/- mice whose RGC 

number had already markedly decreased, therefore we proposed that Rag1 may specifically 

influences apoptotic signaling in the nucleus (Fig. 6A, B). 

Many questions still remain regarding the molecular mechanisms involved in Rag1 functions in 

the retina. However, Rag1 may play a role in RGCs that is entirely distinct from somatic 

recombination. The evidence for this lies in studies of the molecular structure of the recombinase 

enzymes themselves; although both Rag1 and Rag2 share several roles, i.e., DNA cleavage and 

rearrangement of V(D)J recombination, only Rag1 contains the catalytic DNA-binding core of the 

recombinase [28]. These domains are known to be similar to the active site of several transposases 

and integrases [29]. Kelch motifs, which mediate the interaction of Rag2 and Rag1, have been 

observed in numerous proteins [30], and Rag1 may interact with an identified protein via a kelch 

motif in the retina.  

As in the mouse retina, we confirmed the localization of Rag1, but not Rag2, in RGCs in the 

human retina. The catalytic domains, zinc-finger, recombinase, and RING-finger in the Rag1 

molecule appear to be conserved between species (Fig. S1). These results indicated the 

physiological significance of Rag1 in human RGC survival, similar to that in murine RGCs. We 

conclude that Rag1 may also be involved in the programmed cell death of RGCs in the human 

glaucomatous retina. Further studies on the role of Rag1 in RGCs are expected to contribute to the 

development of preventive and therapeutic treatments for human glaucoma. 

Experimental procedures 

Animals 

All the wild-type (p50+/+), heterozygous, and homozygous mice examined in our experiments were 

littermates of NF- Bp50-deficient (p50-/-) F8 mice generated by backcrossing with C57BL/6 J mice 

(CLEA Japan, Inc., Tokyo, Japan). We specifically obtained mice homozygous for the Nfkb1tm1Bal 
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target mutation, which had approximate B6/129-F2 genetic backgrounds, from Jackson 

Laboratories (Bar Harbor, ME). p50-/- mice were crossbred with Rag1-deficient (Rag1-/-) mice (a 

kind donation from Chiba University Graduate School of Medicine) according to previously 

published protocols[31]. Thus, all mouse strains shared a uniform C57BL/6 genetic background. All 

genotypes were determined by conventional PCR using isolated DNA from tail biopsy specimens, 

as previously described [32]. Mice were kept in a specific pathogen-free room at Shinshu 

University animal facilities in accordance with local guidelines (approval no. 03-28-008). 

Western blot analysis 

In Western blot analysis, mouse retinas were homogenized and lysed with modified RIPA buffer (50 

mM Tris [pH 7.4], 1% NP-40, 0.25% Na-deoxycholic acid, 150 mM NaCl, 1mM Na3VO4, and 1 

μg/ml each of aprotinin, leupeptin, and pepstatin). Whole retina lysates and whole cell lysates 

obtained from the control HEK293 cell line and the HEK293-Rag cell line, which stably expresses 

Rag1 (OriGene Technologies, Inc., Rockville, MD) were heated to 95°C for 10 min and then 

centrifuged at 15000 rpm for 20 min before storage of supernatants as retinal crude extracts at 

-30°C. Cell lysates (10 μg) were run on SDS-PAGE (Mini-PROTEAN® TGX™ Precast Gels, 

Bio-Rad Laboratories, Hercules, California), and a western blot analysis was performed with 

specific antibodies to Rag1 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), Rag2 (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA), Bax (TREVIGEN, Gaithersburg, MD), Cleaved Caspase3 

(TREVIGEN, Gaithersburg, MD), Cleaved Caspase8 (TREVIGEN, Gaithersburg, MD), Cleaved 

Caspase9 (Abcam, Cambridge, England), Rap74 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), 

and Tubulin (MBL Co. Ltd., Nagoya, Aichi, Japan).  

RGC quantification 

RGCs were quantified histopathologically and by retrograde labeling. The number of cells in the 

ganglion cell layer (GCL) was counted manually using light microscopy in paraffin sections of the 

retina (6 μm in thickness) that had been cut through the optic nerve head and ora serrata and stained 

with hematoxylin and eosin. Cells infiltrating the GCL: phagocytes were excluded. We then 
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quantified the number of live RGCs in flat-mounted retinas after retrograde labeling. Mice were 

anaesthetized by the intraperitoneal administration of sodium pentobarbital (150 mg/kg). The skin 

over the cranium was incised to expose the scalp. The designated point of injection was at a depth 

of 2 mm from the brain surface, 3 mm behind the bregma in the anteroposterior axis, and 0.5 mm 

lateral to the midline. A window was drilled and the neurotracer dye Fluoro-Gold (4% solution in 

saline; Fluorochrome, Denver, CO) was administered (1 μl at a rate of 0.5 μl/min) to each 

hemisphere using a Hamilton syringe. The skin flap was closed following the application of the 

tracer. Seven days afterwards, mice were euthanized and the retinas were detached as flattened 

whole mounts in 4% paraformaldehyde PBS. Four standard areas (0.04 mm2) in each retina located 

0.1 mm from the optic disc were randomly chosen, and labeled cells were counted by observers 

blinded to the identity of the mouse. 

Intraocular pressure measurement  

Intraocular pressure (IOP) was recorded for wild-type, p50-/-, Rag1-/-, and p50-/-Rag1-/- mice. Mice 

were first slightly anesthetized by an intraperitoneal injection of sodium pentobarbital (150 mg/kg). 

IOP was then determined by trained observers beginning 10 min after the induction of anesthesia 

using a TonoLab tonometer (TioLat, Helsinki, Finland), as described previously [33]. 

Immunofluorescence 

To examine the expression levels of target molecules, we performed Rag1, Rag2, Brn3a, and 

Neurofilament 70 kDa (NF70) immunofluorescence experiments on paraffin- embedded mouse and 

human retina, optic nerve, brain, and bone marrow sections. Paraffin-embedded human retina 

sections that were purchased from Capital Biosciences, Inc. (Rockville, MD) were first dewaxed 

and incubated in 1% bovine serum albumin. The sections were then incubated with the appropriate 

antibodies at 4°C overnight. Regarding primary antibodies, we used a goat polyclonal antibody to 

Rag2 (1:200, Santa Cruz Biotechnology Inc., Santa Cruz, CA) or Brn3a (1:200, Abcam, Cambridge, 

England), a rabbit polyclonal antibody to Rag1 (1:200, Santa Cruz Biotechnology), and a mouse 
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monoclonal antibody to NF70 (1:200, Merck Millipore, Darmstadt, Germany). After being 

incubated with the secondary antibody of Alexa Fluor 488- or 546-conjugated anti-goat, anti-rabbit, 

or anti-mouse IgG (1:200, Santa Cruz Biotechnology), respectively, sections were coverslipped with 

mounting medium and DAPI (VECTASHILD, Vector Laboratory, CA) and visualized using a 

confocal microscope (Carl Zeiss, Thornwood, NY). Normal rabbit or mouse antiserum was used as 

a negative control. 

RGC purification 

Retinal tissues were dissociated to single cell suspensions by the enzymatic degradation of  

extracellular adhesion proteins maintain structural integrity using Neural Tissue Dissociation kits 

(MACS Militenyi Biotec, Auburn, CA) according to the manufacturer’s recommendations. RGCs 

were purified by MACS bead assays with mouse CD90.2/Thy1.2 MicroBeads (MACS Militenyi 

Biotec, Auburn, CA) according to the manufacturer’s instructions. 

Polymerase chain reaction (PCR) 

Total RNA was obtained from mouse tissue, bone marrow, thymus, and RGC samples by Trizol 

(Invitrogen, Grand Island, NY) extraction following the manufacturer’s instructions. Aliquots of 1 

μg total RNA were then reverse transcribed into cDNA using the ImProm-II Reverse Transcription 

System according to the manufacturer’s recommendations (Promega Corporation, Madison, WI). 

RT-PCR was performed using specific primer sets with an Eppendorf Mastercycler (Eppendorf AG, 

Hamburg, Germany). The specific primers for mouse Rag1 and -actin (as the internal control) 

mRNA were designed using Primer Express software. Specifically, the Rag1 forward primer was 

5’-CCAAGCTGCAGACATTCTAGCACTC-3’ and the Rag1 reverse primer was 5’-GTCGATCCGGAAA 

ATCCTGGCAATG-3’. Triplicates of each sample were tested under the following cycling 

conditions: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 5sec, 55°C for 30sec, and 

72°C for 30sec. Nested PCR with RT-PCR products was performed with a primer set for the detection of 

Rag1. In this assay, the Rag1 forward primer was 5’-GGCCGGGAGGCCTGTGGAGCAAGGTAGC-3’ and 
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the Rag1 reverse primer was 5’-TGGCAATGAGGTCTGGCCAGGAAGTGACTC-3’.     

Electron microscopy 

Mice underwent transcardial perfusion with 4% paraformaldehyde following anesthesia by an 

intraperitoneal injection of sodium pentobarbital (150 mg/kg). The optic nerves were dissected 

starting 2 mm behind the globe and placed in a fixative (approximately 20 ml of 2% glutaraldehyde 

and 2% paraformaldehyde in 0.1 M cacodylate buffer) for 12h. They were then post-fixed in 1% 

osmium tetroxide, dehydrated in ethanol, and embedded in EPOK812 (Okenshoji, Tokyo, Japan). In 

transmission electron microscopy, ultra-thin sections were cut perpendicularly to the long axis of 

the optic nerves on an ultramicrotome, stained with uranyl acetate and lead citrate, and examined on 

a JEM1200EX transmission electron microscope (JEOL, LTD, Tokyo, Japan). Toluidine blue 

staining was used for light microscopic observation. 

Flow cytometry 

Purified RGC samples (200 μl of cell suspension) were incubated with the Muse Annexin V & 

Dead Cell reagent for 20 min at room temperature. The concentrations of live, early apoptotic, late 

apoptotic, and dead cells were calculated with the Muse Annexin V & Dead Cell assay (Millipore) 

according to the manufacturer’s directions. This assay was based on the detection of 

phosphatidylserine on the surface of apoptotic cells.  

NMDA injection  

An intravitreal NMDA injection was performed as described previously. A total of 1 μl of 5 mM 

NMDA solution in 0.01 M phosphate-buffered saline (PBS) was injected into the vitreous of the left 

eye of each mouse. The right eyes were injected with PBS alone. We enucleated the eyes 48h after 

the injection and fixed them in 4% paraformaldehyde before dehydration and paraffin embedding. 

RGC numbers were estimated in transverse sections using the procedures described above. 
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In vitro assays 

That transfection of pRag1.shRNA or its pScr.shRNA control vector (Santa Cruz Biotechnology 

Inc.) was carried out with FuGENE6 Transfection Reagent (Roche, IN) according to the 

manufacturer’s recommendations with 1 μg of plasmid DNA and 2x105 C17.2 cells (DS PHARMA 

BIOMEDICAL, Osaka, Japan), which were mouse neuronal stem-like cells placed into 24-well 

tissue culture dishes (MS-0113L plate, SUMITOMO BAKELITE, Tokyo, Japan) on the previous 

day. Forty-eight hours after being transfected, live cells were counted manually in specific 

0.01-mm2 areas of each dish. Immediately afterwards, the cells were treated with NMDA (final 

concentration: 10 nM). Cell survival was assessed 24 hours after NMDA treatment in the same 

aforementioned areas. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA). 

Results were expressed as the mean SD. The statistical significance of differences in mean values 

between two populations was assessed using the unpaired t-test. Groups of 3 or more were analyzed 

by a one-way ANOVA followed by Tukey’s multiple comparison test. A P value < 0.05 was 

considered to be significant. 
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Supporting information 

Fig. S1. Homology between mouse Rag1 and human RAG1 at the amino acid level. 

Figure legends 

Fig. 1. Rag1 expression in RGCs. (A) Immunofluorescent labeling of Rags. Isolated retina (upper 

panel), bone marrow (lower left), and brain (lower right) specimens from 6-month-old p50+/+ mice 

labeled with antibodies to Rag1, Rag2, and DAPI. Rag1 was detected in the ganglion cell layer, 
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whereas Rag2 was not. Both Rag1 and Rag2 were present in lymphocytes. Only Rag1 was visible 

in the hippocampus. Scale bar = 50 μm. H.E., hematoxylin and eosin staining; DG, dentate gyrus; 

CA, hippocampal cornu ammonis region. (B) Isolated optic nerve specimens from 6-month-old 

p50+/+mice labeled with antibodies to Rag1, Rag2, and DAPI. Neither Rag1 nor Rag2 were 

detectable. Scale bar (white) = 100 μm; Scale bar (black) = 200 μm. H.E., hematoxylin and eosin 

staining. (C) Immunohistochemical analysis of DAPI, Brn3a, and Rag1 in retinal sections of 

6-month-old p50+/+ mice. Rag1 was detected in the cytoplasm of Brn3a-positive cells (arrows). An 

analysis of normal rabbit IgG revealed no significant findings. Scale bar = 20 μm. (D) Western blot 

analysis of Rag1 in retina crude extracts derived from 6-month-old p50+/+ and p50-/- mice, and crude 

extracts prepared from bone marrow and the thymus obtained from p50+/+ mice. Rag1 (119 kDa) 

was detected in both groups as well as Tubulin (50 kDa), whereas Rag2 (59 kDa) was not. (E) 

Rag1 levels were significantly higher in p50-/- mice than in p50+/+ mice. The student’s t-test. *P < 

0.05. (n = 8 per group). (F) Rag1 mRNA expression in the retinas of 6-month-old p50+/+ mice 

analyzed by RT-PCR. Although Rag1 mRNA was faintly detected in RGCs, its expression in 

purified RGCs was clearly visible using nested PCR. Rag1 mRNA was not detected in retinal cells, 

apart from RGCs, as indicated in the other lanes. Rag1 mRNA was clearly detected in bone marrow 

and the thymus obtained from p50+/+ mice. GCL, ganglion cell layer; IPL, inner plexiform layer; N. 

IgG, normal IgG; M, molecular weight marker; RGCs, retinal ganglion cells; BM, bone marrow; 

Thy., thymus. 

 

Fig. 2. Effects of Rag1 knockdown in p50-/- mice. (A) and (B) Age-dependent reduction in GCL cell 

number in p50-/- mice. (A) Histological examination of the retina in 6- and 15-month-old mice 

showed that the number of cells in the GCL was reduced in p50-/- mice as compared with p50+/+ 

mice. Scale bar = 50 μm. (B) The quantification of GCL cell number also showed that in both 6- 

and 15-month-old p50 -/- mice, the number of cells was significantly decreased as compared with 

p50+/+ mice. (n = 10 per group). ***P < 0.001. (C) and (D) H.E. staining of retinal preparations (C) 

and quantification of cell numbers in the GCL in 6-month-old p50+/+, p50-/-, p50-/-Rag1-/-, and 
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Rag1-/- mice (D). The GCL cell number was significantly lower in p50-/- mice than in p50+/+ mice; 

however no significant differences were observed between p50+/+ and p50-/-Rag1-/- or Rag1-/- mice 

(n = 10-12 per group). Brn3-positive cells, which indicated RGCs, are represented in white 

dotted-line boxes. Scale bar = 50 μm. (E) Immunohistochemical analysis of DAPI, Brn3a, and Rag1 

in retina sections and (F) quantification of Brn3a-positive cell numbers of the GCL in 6-month-old 

p50+/+, p50-/-, p50-/-Rag1-/-, and Rag1-/- mice. The Brn3a-positive cell number was significantly 

lower in p50-/- mice than in p50+/+ mice, whereas no significant differences were observed between 

p50+/+ and p50-/-Rag1-/- or Rag1-/- mice. The quantification of cells other than Brn3a-positive cells in 

the GCL revealed no significant differences among the four groups. (n = 10 per group). *P < 0.05; 

**P < 0.01; ***P < 0.001. (G) Fluorescence micrographs of flat-mounted retinal preparations 7 

days after the injection of Fluoro-Gold into the superior colliculus of 6-month-old p50+/+, p50-/-, 

p50-/-Rag1-/-, and Rag1-/- mice. Left: Scale bar = 500 μm; Right: Scale bar = 50 μm. (H) The 

quantification of Fluoro-Gold-labeled RGCs revealed loss of cells was significantly greater in p50-/- 

mice than in p50+/+ mice, whereas no significant differences were observed in RGC numbers 

between p50+/+ and p50-/-Rag1-/- or Rag1-/- mice (n = 6 per group). (I) The distribution of live, early 

apoptotic, late apoptotic, and dead cells was measured by flow cytometry using purified RGC 

samples from p50+/+, p50-/-, p50-/-Rag1-/-, and Rag1-/- mice. (J) The quantification of the total 

apoptotic cell ratio, which was calculated as the total amount of late and early apoptotic cell ratios, 

revealed that this ratio was significantly higher in p50-/- mice than in p50+/+, p50-/-Rag1-/-, and 

Rag1-/- mice (n = 8 per group). A one-way ANOVA followed by Tukey’s post hoc test. *P < 0.05; 

**P < 0.01; ***P < 0.001. GCL, ganglion cell layer; INL, inner nucleus layer; ONL, outer nucleus 

layer; NS, not significant. 

 

Fig. 3. A Rag1 deficiency was not related to the optic nerve cross-sectional area or axon density, but 

appeared to ameliorate axon degeneration. (A) Photomicrographs of toluidine blue-stained optic 

nerve sections taken from 6-month-old p50+/+, p50-/-, p50-/-Rag1-/-, and Rag1-/- mice. Scale bars = 

100 μm. (B) Measurement of optic nerve cross-sectional areas in mice. No significant differences 
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were noted. (n = 6 per group). (C) Electron microscopic photomicrographs of optic nerve sections 

taken from 6-month-old p50+/+, p50-/-, p50-/- Rag1-/-, and Rag1-/- mice. Scale bars = 5 μm. Inset: 

high- magnification image of axon degeneration. (D)The quantification of RGC axon densities. No 

significant differences were detected. (n = 6 per group). (E) The quantification of degenerating 

axons revealed there were significantly more in p50-/- mice than p50+/+, p50-/-Rag1-/-, and Rag1-/- 

mice. (n = 6 per group). *P < 0.05; ***P < 0.001. (F) Intraocular pressure (IOP) measurement of 

eyes obtained from 6-month-old p50+/+, p50-/-, p50-/- Rag1-/-, and Rag1-/- mice. (n = 10 per group). 

No significant differences were observed in IOP among the 4 groups. (G) Photomicrographs of 

hematoxylin and eosin-stained anterior segments of the eyeball collected from 6-month-old p50+/+, 

p50-/-, p50-/-Rag1-/-, and Rag1-/- mice. Morphological changes, including angle closure, were not 

observed in any mouse group. Scale bars = 200 μm. 

 

Fig. 4. Silencing Rag1 reduces cell death. (A) and (B) H.E. staining of retina preparations (A) and 

quantification of cell numbers in the GCL of 6-month-old p50+/+, p50-/-, p50-/-Rag1-/-, and Rag1-/- 

mice with or without the NMDA treatment (n = 9 per group) (B). Scale bar = 50 μm. No significant 

differences were observed in the number of GCL cells among the 4 test groups without the NMDA 

treatment. However, the number of cells in the GCL was significantly lower in p50-/- mice than in 

p50+/+, p50-/-Rag1-/-, and Rag1-/- mice after the NMDA treatment. A one-way ANOVA followed by 

Tukey’s post hoc test. *P < 0.05. (C) C17.2 cells that were transfected with pRag1.shRNA or its 

control, pScr.shRNA were treated with NMDA (final concentration: 10 nM) 48 hours afterwards. 

(D) Immunofluorescence examination of C17.2 cells transfected with pRag1.shRNA or pScr.shRNA 

48 hours after the NMDA treatment. (E) The fluorescence intensity (arbitrary units) of Rag1 in 

C17.2 cells transfected with pRag1.shRNA or pScr.shRNA was significantly lower than that in 

controls. The student’s t-test. *P < 0.05. (F) Living C17.2 cells (%) over 72 hours of monitoring. 

The results of 4 replicate wells are expressed as the mean SD percentage culture/time point. The 

student’s t-test. *P < 0.05. NS, not significant. (G) Western blot analysis for indicated proteins, 

Rag1 (119 kDa), Bax (21 kDa), Caspase3 (31 kDa, 17 kDa) Caspase8 (55 kDa, 18 kDa), Caspase9 
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(46 kDa, 38 kDa), Rap74 (74 kDa), Tubulin (50 kDa), in lysates prepared from HEK293 cells and 

HEK293 Rag1 expressing cells.  

 

Fig. 5. Rag1 expression in tissue sections obtained from the human retina. (A) H.E. staining (upper 

panel) and IHC analysis (lower panel) of DAPI, Rag1, and NF70 in human retinal preparations. 

Rag1 was detected in the GCL, whereas normal rabbit (red) and mouse (green) IgG were not. Scale 

bar (black) = 100 μm; Scale bar (white) = 50 μm. (B) H.E. staining and IHC analysis of DAPI and 

Rag2 in human retina preparations. Similar to mice retina, Rag2 was not detected in the GCL. Scale 

bars = 50 μm. 

Fig. 6. (A) Immunohistochemical analysis of DAPI and Rag1 in retina sections from 15-month- old 

p50-/- mice. Rag1 was detected in the nucleus. Scale bar = 10 μm. The quantification of Rag1- 

positive cell number in the GCL showed that, the number of cells was significantly lower in 

15-month-old p50-/- mice than in 6-month-old p50-/- mice. However, the number of intranuclear 

Rag1-positive cells was significantly higher in 15-month-old p50-/- mice than in 6-month-old p50-/- 

mice. The number of Rag1-negative cells in GCL, which implicated amacrine cells and others, was 

similar between the two groups. (n = 10 per group). (B) Signal cascade of cell death mediated by 

Rag1 in p50-deficient mouse. A recent study demonstrated that the binding site of the hetero dimer 

p50-RelA (p65) could also be occupied by the homo dimer p50-p50, and may function as a 

repressor to regulate the role of p50-RelA (p65) as a transcription factor essential for neuronal 

responses. In p50-deficient neuronal cells, the c-Rel- RelA (p65) hetero dimer markedly induced 

Rag1 gene activation as a transcription factor. Rag1 may play a role in neuronal cell death signaling 

as a nuclear mediator. The cell death factors, Bax and cleaved caspase-3, 8, and 9 were also clearly 

detected in Rag1-expressing cells. 















FEBS Journal, Supplementary Data  

Physiological significance of Rag1 in neuronal death, especially optic neuropathy  
 

Takao Hirano, Toshinori Murata, Takuma Hayashi 
 
Fig. S1. Homology between mouse Rag1 and human RAG1 at the amino acid level. A.Genes 
identified as putative hokologs of one another during the construction of HomoloGene. B. Protein 
homology between mouse and human Rag1 as assessed by NCBI BLAST version 2.2.29. Mouse 
Rag1 showed high homology with its human ortholog, with 90% sequence identity. Query and 
Subject show amino acids for the mouse and human, respectively. The middle section indicates 
identical regions. 
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a short abstract 
 
Although the transcription factor NF- B is known to regulate cell death and survival, its precise 
role in cell death within the central nervous system remains unknown. The result of the present 
study indicated that Rag1 played a role in optic neuropathy as a pro-apoptotic candidate in 
NF- Bp50-deficient mice. This result may lead to new therapeutic targets in optic neuropathy. 
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