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Abstract

Background—Removal of the Bax gene from mice completely protects the somas of retinal 

ganglion cells (RGCs) from apoptosis following optic nerve injury. This makes BAX a promising 

therapeutic target to prevent neurodegeneration. In this study, Bax+/− mice were used to test the 

hypothesis that lowering the quantity of BAX in RGCs would delay apoptosis following optic 

nerve injury.

Methods—RGCs were damaged by performing optic nerve crush (ONC) and then 

immunostaining for phospho-cJUN and quantitative PCR were used to monitor the status of the 

BAX activation mechanism in the months following injury. The apoptotic susceptibility of injured 

cells was directly tested by virally introducing GFP-BAX into Bax−/− RGCs after injury. The 

competency of quiescent RGCs to reactivate their BAX activation mechanism was tested by 

intravitreal injection of the JNK pathway agonist, anisomycin.

Results—24 weeks after ONC, Bax+/− mice had significantly less cell loss in their RGC layer 

than Bax+/+ mice 3 weeks after ONC. Bax+/− and Bax+/+ RGCs exhibited similar patterns of 
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nuclear phospho-cJUN accumulation immediately after ONC, which persisted in Bax+/− RGCs for 

up to 7 weeks before abating. The transcriptional activation of BAX activating genes was similar 

in Bax+/− and Bax+/+ RGCs following ONC. Intriguingly, cells deactivated their BAX activation 

mechanism between 7 and 12 weeks after crush. Introduction of GFP-BAX into Bax−/− cells at 4 

weeks after ONC showed that these cells had a nearly normal capacity to activate this protein, but 

this capacity was lost 8 weeks after crush. Collectively, these data suggest that 8–12 weeks after 

crush, damaged cells no longer displayed increased susceptibility to BAX activation relative to 

their naïve counterparts. In this same timeframe, retinal glial activation and the signaling of the 

pro-apoptotic JNK pathway also abated. Quiescent RGCs did not show a timely reactivation of 

their JNK pathway following intravitreal injection with anisomycin.

Conclusions—These findings demonstrate that lowering the quantity of BAX in RGCs is 

neuroprotective after acute injury. Damaged RGCs enter a quiescent state months after injury and 

are no longer responsive to an apoptotic stimulus. Quiescent RGCs will require rejuvenation to 

reacquire functionality.
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Background

Retinal ganglion cells (RGCs) are long-projection neurons of the central nervous system 

whose axons carry visual signals from the retina to the brain. RGC axons converge at the 

optic nerve head, which is the principal site of axonal injury in optic neuropathies like 

glaucoma [1], and project through the optic nerve. RGC axons can be synchronously 

damaged using optic nerve crush (ONC), which is a widely used acute model of optic nerve 

injury that mimics many of the molecular hallmarks of glaucomatous degeneration [2].

Neuronal apoptosis is governed by the BCL2 gene family, which consists of three groups of 

proteins; the anti-apoptotic proteins, the BH3-only proteins and the effector proteins, that 

work in concert to arbitrate the cellular commitment to apoptosis [3]. When activated, the 

effector proteins undergo a conformational shift that causes them to insert into and 

oligomerize on the mitochondrial outer membrane (MOM), forming pores that cause 

mitochondrial outer membrane permeabilization (MOMP), which leads to caspase activation 

and subsequent apoptosis. The anti-apoptotic BCL2 family proteins work to prevent 

apoptosis by preventing activation of the effector proteins and retrotranslocating them from 

the MOM [4]. In RGCs, the principal anti-apoptotic Bcl2 family gene is BclX [5,6]. The 

third group of Bcl2 family genes are the BH3-only genes, so named because they share only 

the third BCL2-homology (BH3) domain with the other members of the family. These 

proteins promote apoptosis by inhibiting anti-apoptotic protein function and also by directly 

causing effector activation.

The BCL2-associated X protein (BAX) is a member of the effector group of BCL2 family 

genes. Due to an alternative splicing event that affects another effector protein, BAK, BAX 

is the lone arbiter of MOMP and intrinsic apoptosis in neurons [7]. This fact is illustrated in 

Bax−/− mice whose RGC somas survive indefinitely following acute or chronic optic nerve 
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injury [8–10]. By contrast, performing ONC on a Bax+/+ mouse causes near complete loss of 

RGCs within 3 weeks after injury [10]. This profound preservation of RGC somas in Bax−/− 

mice makes BAX a promising target for a neuroprotective therapy.

Crosstalk between the BCL2 gene family ultimately governs cellular fate. The balance 

between the three groups of proteins is controlled by several upstream pathways, which shift 

the balance between BH3only proteins and anti-apoptotic proteins in response to 

environmental stimuli [11]. Here, pathways that are activated in response to a damaging 

stimulus that contribute to BAX activation are collectively referred to as the BAX activation 

mechanism (BAM). In RGCs, a predominant BAM pathway is the Jun N-terminal Kinase 

(JNK) pathway [12]. Following axonal injury, Dual Leucine Zipper Kinase (DLK) is 

phosphorylated in the axon and then transported to the soma where successive 

phosphorylation events of MKK4/7, JNK2/3 and cJUN contribute to apoptosis through their 

interactions with the Bcl2 gene family and by driving the transcription of BH3-only genes 

[13–16]. Importantly, the redundancy of the BAM pathways is not yet fully understood, 

since even disruption of two critical mediators of the BAM does not result in the same level 

of protection as genetic deletion of Bax [17].

In order to assess if targeting BAX activation is beneficial for preventing neurodegeneration, 

it is necessary to consider pragmatic treatment paradigms. Complete genetic deletion of the 

Bax gene in glaucoma patients is technically challenging and inadvisable since BAX 

functions as a tumor suppressor gene and has an emerging role in the maintenance of the 

mitochondrial network under normal conditions [18–20]. A more viable therapeutic strategy 

is to lower the effective quantity of BAX in RGCs, but the effect of lowered BAX dosage on 

RGC survival after injury has not been studied in depth. Therefore, we tested the hypothesis 

that Bax+/− RGCs would be resistant to apoptosis following ONC.

This hypothesis was tested by performing ONC on Bax+/− mice, which produce half as 

much retinal Bax mRNA and protein as a wild type mouse [10]. Thus, these mice effectively 

model a therapy that lowers the quantity of BAX in RGCs by half, without impairing 

developmental pruning of redundant RGCs, which is a hallmark of Bax−/− mice [21].

This study demonstrates a profound effect of lowered BAX dosage on long term RGC 

survival following crush injury and demonstrates that these RGCs deactivate their BAM 

several months after ONC and become quiescent. These findings have important 

implications for the development of a neuroprotective strategy targeted at preventing 

neuronal apoptosis.

Methods

Animals

Adult mice (3–6 months of age) were used for this study and handled according to the 

Association for Research in Vision and Ophthalmology statement for the use of animals in 

research. Every protocol described here was approved by the Animal Care and Use 

Committee at the University of Wisconsin-Madison. Bax+/+, Bax+/− and Bax−/− mice were 

obtained by breeding Bax+/− mice [22]. All mice were on a C57BL/6J background and an 
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equal proportion of sexes were included in each cohort. Mice were housed in microisolator 

cages, fed a 4% fat diet and kept in a facility that uses a 12-hour light/dark cycle. Mice were 

removed from the study if any ocular abnormalities, such as persistent cataract, were 

observed.

Surgical protocols, ONC, intravitreal injections

For all surgical procedures, mice were anesthetized with a mixture of ketamine (16 mg/mL) 

and xylazine (1.5 mg/mL). To alleviate post-operative discomfort, anesthetized mice also 

received a subcutaneous injection of buprenorphine (0.03 mg/mL). Each eye to be operated 

on was anesthetized using a drop of proparacaine hydrochloride.

ONC was performed as previously described [2]. The left eye of each mouse underwent the 

procedure. The optic nerve was exposed by cutting the conjunctiva at the limbal junction. N7 

curved, self-closing forceps (Fine Science Tools, Foster City, CA or Roboz Surgical 

Instrument Co, Gaithersburg, MD) were used to pinch the optic nerve for 5 seconds. After 

surgery, the eye was covered in antibiotic ointment to prevent infection and the mice were 

allowed to recover in their cages.

Both anisomycin and viral vectors were injected intravitreally as follows. First, a 30 gauge 

needle was used to puncture the conjunctiva and the sclera of the eye near the limbus. Then a 

35 gauge NanoFil needle attached to a 10 μL NanoFil syringe (World Precision Instruments, 

Sarasota, FL) was used to inject 1 μL of solution into the vitreal chamber, which was 

accessed through the hole created using the 30 gauge needle. Following injection, the 

NanoFil needle was held in place for 10 seconds to prevent backflow of solution through the 

hole made by the needle. AAV2/2-Pgk-GFP-BAX viral preparations were packaged by the 

University of North Carolina – Chapel Hill Vector Core (Chapel Hill, NC) with a viral titer 

of at least 1012 viral particles per mL. For experiments involving anisomycin, 1 μL of 10 μM 

anisomycin in dimethyl sulfoxide (Alfa Aesar, Haverhill, MA) was injected intravitreally. 

For vehicle injections, 1 μL of dimethyl sulfoxide was injected intravitreally. Mice were 

collected 24 hours later, processed and sectioned as described below.

Whole-mounting, frozen sectioning and immunofluorescence

Following euthanasia with 0.1 mL of Euthasol (Virbac AH, Fort Worth, TX), eyes were 

enucleated, punctured with a 30 gauge needle and fixed in 4% paraformaldehyde in 

phosphate buffered saline (PBS) for 50 minutes at room temperature, then washed once in 

PBS before being immediately used in downstream applications.

Retinal whole-mounts were prepared by removing the anterior chamber of the eye, 

dissecting the retina out of the posterior chamber and laying it flat on a slide by making 4 

relaxing cuts. Nuclei were labeled by staining whole-mounted retinas with 4′,6-

diamidino-2-phenylindole (DAPI) at a concentration of 500 ng/mL for 15 minutes, followed 

by three washes in PBS. Immumount (Thermo Fisher Scientific, Waltham, Massachusetts) 

was used to adhere the coverslip to the whole-mount on the slide.

DAPI-stained, whole-mounted retinas were imaged on an Andor Revolution XD Spinning-

Disk Confocal microscope (Andor, Belfast, United Kingdom). Four images were taken using 
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a 100X objective in each quadrant of the mid-peripheral retina and the number of total 

neuronal cells (defined by nuclear size and morphology) in the RGC layer were counted and 

compared between the injured and the contralateral control eyes. A minimum of 4 mice were 

used per group.

In preparation for sectioning, fixed eye cups were infiltrated with 30% Sucrose in PBS 

overnight at 4°C. Tissues were submerged in Optimal Cutting Temperature media and frozen 

on dry ice. 10 μM longitudinal sections, which contained the optic nerve head, were cut so 

that the entire retina could be viewed. Every other section was discarded to avoid counting 

the same cell twice.

Sections were rehydrated in PBS for 10 minutes and then blocked in 1% Horse Serum 

(Lonza, Basel, Switzerland) in PBS for one hour at room temperature. Sections were 

incubated with mouse anti-BRN3A monoclonal antibody (Millipore, Temecula, CA, 

MAB1585, 1:50 dilution) and rabbit anti-Phospho-cJUN (Ser73) (D47G9) monoclonal 

antibody (Cell Signaling Technology, Danvers, MA, #3270, 1:400 dilution) diluted in PBS 

containing 2% Bovine Serum Albumin (W/V) and 0.3% Triton-X 100 (V/V) overnight at 

4°C. Sections were then washed briefly three times in PBS, before being incubated with 

Texas Red conjugated goat anti-rabbit (Jackson Immunoresearch, West Grove, PA, 1:500 

dilution) and Alexa Fluor 488-conjugated goat anti-mouse IgG (Jackson Immunoresearch, 

1:500 dilution) for 1 hour at room temperature. Sections were then incubated in 500 ng/mL 

DAPI for 10 minutes before being washed briefly three times in PBS and then cover slipped 

using Immumount (Thermo Fisher Scientific).

For TOM20 staining, eye cups containing GFP-BAX transduced retinas were blocked using 

PBS containing 2% Bovine Serum Albumin (W/V) and 0.3% Triton-X 100 (V/V) overnight 

at 4°C. Eye cups were then incubated with 10 μg/mL moue monoclonal anti-TOM20 (4F3) 

(Sigma-Aldrich, Saint Louis, MO) in 2% BSA and 5% donkey serum in PBS for 2 days at 

4°C. The samples were then washed 3 times in PBS before being incubated in Texas Red 

conjugated goat anti-mouse IgG (Jackson Immunoresearch, 1:500 dilution) in 2% BSA, 

0.3% Triton-X 100 overnight at 4°C, before being washed 3 times in PBS, stained with 500 

ng/mL DAPI and whole-mounted for imaging.

For each group, a minimum of 3 mice were used and a minimum of 5 sections per eye were 

counted. Sections were imaged on a Zeiss Axioimager Z2 upright microscope (Carl Zeiss, 

Oberkochen, Germany). For each section, images were taken using a 20X objective of the 

entire RGC layer from one end of the retina to the other so that the entire RGC layer of each 

section was counted. Cell counting was performed using Zen Blue image analysis software 

(v2.3, Carl Zeiss). Counts of cells that were stained positive for BRN3A and/or phospho-

cJUN were expressed as a percentage of the DAPI positive cells in the RGC layer.

Viral introduction of exogenous BAX to test the activation status of the BAM

Following intravitreal injection of AAV2/2-Pgk-GFP-BAX, four weeks were given before 

analysis to allow for adequate expression of the transgene [23]. Some groups of mice were 

transduced prior to ONC and some were transduced at varying times after ONC. To quantify 
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GFP-BAX expression and activation, retinas were fixed and whole-mounted as described 

above.

Images were taken on a Zeiss Axioimager Z2 upright microscope (Carl Zeiss). Images were 

taken with a 20X objective in each quadrant of each whole-mounted retina and no fewer 

than 200 GFP-BAX transduced cells were counted in each retina. Images were analyzed 

using Zen Blue image analysis software to mark and count each GFP-BAX positive cell in 

each image.

The quantification of cells with punctate BAX is reported as a percentage of the total 

number of cells labeled with GFP-BAX. A one tailed T-test was used to assess significance 

between groups. A minimum of 5 mice per group were used for each group that was 

transduced with virus prior to ONC and 7 mice per group were used for groups that were 

transduced with virus after ONC.

Quantitative PCR

Total RNA was isolated from flash frozen retinas using the IBI DNA/RNA/Protein 

Extraction Kit (IBI Scientific, Dubuque, Iowa). Contaminating genomic DNA was digested 

using an IBI in-column DNase I kit (IBI).

To synthesize cDNA, 2 μg of total RNA from each sample were combined with 500 ng of 

random hexamers (Promega, Madison, Wisconsin, USA) and heated to 70°C, quenched on 

ice and then incubated with 10 mM dNTPs and M-MLV Reverse Transcriptase (Promega) 

for 90 minutes at 37°C.

The resulting cDNA was diluted 1:10 and transcript abundance for each sample was 

analyzed using customized TaqMan Array Cards (Thermo Fisher Scientific). Cards were 

customized to contain triplicate primers for the Bcl2 family genes Bcl2l1 (BclXL), Bax, 
Bim, Bbc3, Hrk, Bad, Bmf and Noxa. The transcript for Bid was excluded because this 

BH3-only protein is activated by cleavage of a latent protein, and there is little evidence that 

transcriptional upregulation plays a role in its activation. The array also contained primers 

for the RGC markers Nrn1 and Sncg, the glial markers Gfap and Aif1, and the phospho-

cJUN transcription target genes Ecel1, Gal and Atf3. The transcript for 18S rRNA, was used 

as an internal reference for the amount of cDNA loaded in each sample. Quantitative PCR 

(qPCR) was performed on a QuantStudio 7 Flex system (Thermo Fisher Scientific) using a 

PCR procedure of 40 cycles of 15 seconds at 95°C and 60 seconds at 60°C. Transcript 

abundances were measured 1, 7 and 20 weeks after ONC for Bax+/− mice and 1, 3, and 7 

days after ONC for Bax+/+ mice. Each time point contained 4 replicate groups. Whole 

retinas from 3 mice were pooled for each group. Changes in the quantity of mRNA of each 

gene of interest between samples were quantified using the ΔΔCt method [24], using the 18S 
rRNA abundance for each sample to normalize the total amount of cDNA and then 

calculating fold change between the experimental and contralateral control retinas for each 

group. Significance of observed fold changes for genes, relative to the control sample, was 

calculated using a 1 tailed, paired t-test, assuming equal variance. The significance of 

differences in fold change between timepoints was assessed using a 2 tailed, unpaired t-test, 

assuming equal variance between groups.
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Results

Bax+/− mice experience delayed and diminished loss of RGCs after ONC

In wild type mice, ONC produces substantial loss of cells in the ganglion cell layer by 3 

weeks after damage. Previously, we reported that Bax+/− mice exhibited complete resistance 

to ONC at this time point, but that some cell loss was evident after 8 weeks [10]. To 

investigate the time course of cell loss in Bax+/− mice in greater detail, ONC was performed 

on Bax+/− mice and the pattern of cell loss in the ganglion cell layer was examined at times 

up to 24 weeks after optic nerve damage (Figure 1). RGCs constitute roughly half of the 

cells in the ganglion cell layer [25], so the maximal cell loss expected in this experiment was 

50% of the total neuronal population in this layer. In Bax+/+ mice, 3 weeks after ONC there 

was a 27.4%±2.4% decrease in cell density in the crushed eye compared to the contralateral 

control eye. Conversely, Bax+/− mice did not lose a significant percentage of the cells in 

their ganglion cell layer until 12 weeks (11% cell loss ± 5%, p = 0.009) after ONC and at 24 

weeks they had only lost 13% of the cells in their RGC layer (Figure 1). Importantly, there 

was no significant cell loss observed between the 12 and 24 week post-ONC groups, 

implying that the protective effect of BAX depletion was sustained for months after acute 

optic nerve injury. Thus, BAX depletion provides sustained protection to RGC somas 

following acute optic nerve injury.

Apoptotic susceptibility of RGCs is determined by BAX dosage

To further demonstrate the effect of BAX dosage on apoptotic susceptibility, the extent of 

BAX translocation to the MOM after ONC was compared between Bax+/+ and Bax+/− mice 

that had been transduced with AAV2/2-Pgk-GFP-Bax. Virally transduced BRN3A positive 

RGCs expressed the GFP-BAX transgene 4 weeks after intravitreal injection (Figure 2A-D). 

Furthermore, induction of apoptosis via ONC caused GFP-BAX to aggregate on the 

mitochondria, as demonstrated by colocalization of GFP-BAX and TOM20 (Figure 2E–J).

Apoptotic susceptibility was quantified by counting the percentage of GFP-BAX expressing 

cells with a punctate localization of GFP-BAX (Figure 3). Both groups of mice had a 

significantly greater number of punctate cells in the damaged retina, compared to unoperated 

eyes (p = 3E-7 for Bax+/+, p = 0.0001 for Bax+/−) (Figure 3E). There were significantly 

more punctate labeled cells in the injured eyes of Bax+/+ mice than in the injured eyes of 

Bax+/− mice (p = 0.018). Thus, overall concentration of latent BAX protein in RGCs 

influences their apoptotic susceptibility, which is consistent with the attenuated loss of 

RGCs in Bax+/− mice after optic nerve injury.

The BAM remains active for months after ONC

Since Bax+/− mice exhibited reduced BAX translocation relative to their wild type 

counterparts, we tested the ability of these cells to activate their BAM. At various times from 

3 days to 20 weeks after ONC, sections from Bax+/+ and Bax+/− animals were stained for the 

ganglion cell marker BRN3A, a marker of BAM activation, phospho-cJUN, and for DAPI 

(Figure 4A–G). Within 3 days after ONC, phospho-cJUN accumulated in the nuclei of a 

majority of BRN3A positive cells in the ganglion cell layer in both Bax+/+ and Bax+/− mice, 

suggesting that Bax+/− cells had a functional BAM and were actively attempting to undergo 
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apoptosis (Figure 4H). Both BRN3A and phospho-cJUN levels decreased over 2 weeks in 

wild type mice, reflective of the loss of RGCs in these animals (Figure 4I,4K). Surprisingly, 

Bax+/− mice exhibited elevated levels of phospho-cJUN labelling up to and including 7 

weeks after ONC (Figure 4L). Between 7 and 12 weeks after ONC, however, there was a 

decrease in the percentage of cells labeled with phospho-cJUN that was not accompanied by 

a decrease in the percentage of cells labeled with BRN3A (Compare Figure 4L and Figure 

4J). These results implied that Bax+/− RGCs were deactivating their BAM after failing to 

undergoing apoptosis.

The BAM transcriptional response is normal in Bax+/− RGCs

To further characterize the BAM in Bax+/− mice, qPCR was used to compare the 

transcriptional responses to ONC between Bax+/+ and Bax+/− mice. Because RGC apoptosis 

becomes an increasingly confounding factor in Bax+/+ mice by 1 week after ONC, we 

compared the transcriptional response in these mice 3 days after injury with Bax+/− mice 1 

week after injury. Three days also marks the peak of transcript abundance in wild type 

animals for a majority of the BAM-related genes being assayed with the microfluidic array 

cards (Supplemental Figure 1).

The BH3-only transcripts Bim, Hrk, Bbc3, and Noxa, were all significantly more abundant 

in the Bax+/− retinas that underwent ONC than the contralateral control eyes and there was 

no significant difference in the fold changes between wild type and Bax+/− retinas, except 

for Noxa, which was more potently upregulated in Bax+/− retinas after ONC (p = 0.01) 

(Figure 5A). Furthermore, markers of glial activation, Aif1 and Gfap, and markers of 

activated JUN transcription, Ecel1, Gal and Atf3, showed similar increases in abundance in 

both genotypes, indicating similar glial responses and JUN transcriptional responses 

between genotypes (Figure 5B,C). Ecel1 was slightly, but significantly, more upregulated in 

Bax+/− than wild types (p = 0.004). The depletion of the neuronal transcripts Nrn1 and Sncg 
was not different between genotypes, implying that RGC specific gene expression loss was 

not protected by Bax depletion (Figure 5D). These data demonstrate that Bax+/− RGCs have 

a competent BAM and that BAX depletion confers their resistance to apoptosis.

The relative abundances of Bcl2-family transcripts is similar between Bax+/+ and Bax+/− 

retinas

Another way to compare the BAMs between Bax+/+ and Bax +/− is to examine their relative 

abundance of Bcl2-family transcripts (Figure 6). We compared Bax+/+ transcript abundances 

3 days after ONC to Bax+/− transcript abundances 1 week after ONC. The overall relative 

distribution of molecules appeared very similar between the two genotypes. In both 

genotypes, Bcl2l1 (BclX) was the most abundant transcript, followed by Bax, Bad, and Bim. 

Conversely, Noxa and Hrk transcripts represented only 1–2% of the mRNAs of all the Bcl2-

family genes, and only 2–7% of the BH3-only genes, interrogated in this study. As expected, 

Bax transcripts were less abundant in Bax+/− retinas than wild type retinas (26.6% and 

14.4% of Bcl2 family transcripts in Bax+/+ and Bax+/− retinas, respectively) (Figure 6), and 

levels were between 3–5 fold less abundant than Bcl2l1 transcripts, depending on genotype. 

The relative quantities of Bcl2 family transcripts are similar between Bax+/+ and Bax+/− 

mice.
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The BAM is deactivated in RGCs when they become quiescent

The decrease in the percentage of phospho-cJUN labeled RGCs between 7 and 12 weeks 

after ONC suggests that the BAM is turned off in these cells. This phenomenon was 

quantified further by comparing changes in transcript abundance for BAM-relevant genes in 

Bax+/− retinas at 1, 7 and 20 weeks after ONC. The transcripts for Bax and BclX were not 

significantly more abundant in the injured eyes than in the contralateral eyes at any of the 

three timepoints (data not shown). We also quantified the relative change in transcript levels 

for 6 BH3-only genes, (Bim, Hrk, Bbc3, Bad, Bmf, and Noxa), many of which have been 

reported to be active in RGC death [13,26,27]. The abundances of 4 BH3-only transcripts 

(Bim, Hrk, Bbc3, and Noxa) were initially increased, but then decreased progressively 

throughout the experiment (Figure 7A), while neither Bad or Bmf showed any change 

compared to fellow control retinas, possibly because their activation can occur via post-

translational modification of latent proteins similar to BID [28,29]. Only Hrk and Noxa 
mRNAs were significantly more abundant in the injured eyes than in the contralateral 

control eyes 20 weeks post-ONC. This may be due to the fact that some RGCs remain 

positive for phospho-cJUN (Figure 4), and therefore may still have an active BAM.

The same trend of initial accumulation followed by decrease in mRNA abundance was also 

observed in the markers of glial activation (Gfap and Aif1) and in the markers of JUN 

dependent transcription (Ecel1, Gal, and Atf3) (Figure 7B and 7C, respectively). Therefore, 

the transcriptional arm of the BAM, particularly with respect to JUN-mediated gene 

expression, tapers off by 20 weeks post-ONC and pathologic glial activation, a contributor to 

RGC death [30], tapers off by 7 weeks post-ONC. Importantly, the abundance of RGC-

specific transcripts showed a marked decrease between 1 and 7 weeks, implying that 

damaged RGCs continue to atrophy in the months after injury (Figure 7D).

Characterization of the BAM in damaged RGCs in Bax−/−mice

Because of redundancy in the pathways that constitute the BAM, it was necessary to directly 

test if the BAM was sufficiently activated to cause BAX translocation at various times 

following ONC. To do this, ONC was performed on Bax−/− mice which were then 

transduced with AAV2/2-Pgk-GFP-Bax 4 or 8 weeks after ONC and then collected 4 weeks 

after transduction, allowing time for transduction and expression of GFP-BAX (Figure 3A). 

Previously, we reported that RGCs from Bax−/− mice could be efficiently transduced, and 

express a transgene from the Pgk promoter, several months after ONC [31].

We found that there were significantly more punctate cells in the damaged eyes of mice 

transduced with virus 4 weeks after ONC (p = 0.0414, relative to the undamaged 

contralateral control eye) (Figure 8). Additionally, the percentage of punctate cells at this 

time point was statistically similar to the number of punctate cells induced by ONC in Bax
−/− mice that were transduced with virus prior to ONC (p = 0.0868). Thus, RGCs transduced 

with GFP-BAX virus 4 weeks after ONC are still susceptible to BAX translocation due to an 

activated BAM.

In the cohort of mice transduced with virus 8 weeks after ONC, there was no statistical 

difference in the percentage of punctate cells between the experimental and control eyes (p = 
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0.3788). This indicates that the ONC injury is no longer contributing the BAX translocation 

in these eyes. Importantly, there was no difference in the number of labeled cells per field 

between the experimental and contralateral control eyes of mice injected 8 weeks after ONC 

(p = 0.33), which rules out apoptosis of cells prior to fixation, or reduced transduction 

efficiency, as reasons for the decreased percentage of punctate labeled cells (Supplemental 

Figure 2).

The reduced susceptibility of Bax−/− RGCs injected 8 weeks after ONC is consistent with 

the data showing a reduction of phospho-cJUN staining, and reduced levels of transcript 

abundance for genes involved in the BAM. Taken together, these results suggest that the 

BAX activation mechanism is deactivated in surviving RGCs months after ONC. Since these 

RGCs have decreased expression of RGC specific transcripts and have deactivated their 

apoptotic machinery, we classify them as quiescent RGCs (qRGCs).

The BAM is not restimulated by anisomycin treatment in qRGCs

Our results indicate that the BAM is deactivated in surviving RGCs after ONC. We then 

asked if this was a permanent or transient phenomenon. Our experimental paradigm involved 

acute damage to the optic nerve, which precluded a second ONC surgery to induce the BAM 

in these RGCs. Therefore, we applied a secondary stimulus via intravitreal injection of 

anisomycin, an activator of the JNK pathway [32]. Stimulation of the JNK pathway was 

confirmed by the accumulation of phospho-cJUN in the nuclei of anisomycin injected 

retinas (Figure 9A, 9C). In naïve eyes, anisomycin injection resulted in the majority of 

nuclei in the RGC layer and inner nuclear layer to stain positively for phospho-cJUN 1 day 

after injection (Figure 9A), including 90% of cells that were also positive for BRN3A 

(Figure 9D). Next, we attempted to reactivate JNK pathway in qRGCs by injecting 

anisomycin into eyes 20 weeks after ONC. Anisomycin injection at this time caused 

phospho-cJUN accumulation in the nuclei of the inner nuclear layer (Figure 9C). Among, 

cells in the RGC layer, anisomycin injection failed to increase the percentage of cells labeled 

for both BRN3A and phospho-cJUN (Figure 9D). This indicates that qRGCs are deficient at 

responding to external stimulation by reactivating the BAM.

Discussion

BAX depletion protects RGCs from apoptosis following acute injury

Bax+/− RGCs were robustly protected against apoptosis following acute optic nerve injury. 

This protection was not due to a deficient BAM in Bax+/− RGCs or because of a dampened 

glial response. These findings demonstrate that lowering the effective quantity of BAX in a 

neuron is an effective strategy for preventing apoptosis.

A small but significant minority of Bax+/− RGCs did undergo apoptosis following ONC, 

indicating a spectrum of susceptibilities among the population of RGCs. This finding may 

reflect recent studies, which have demonstrated subtype specific susceptibility of RGCs to 

apoptosis following optic nerve injury. Although these studies show conflicting sensitivity of 

αRGCs, they are in agreement that intrinsically photosensitive RGCs are most resilient 

[33,34]. It is possible that the cells exhibiting continued activation of phospho-cJUN 
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represent a sub-population of RGCs that are most sensitive to optic nerve damage. Similarly, 

more resistant sub-types of RGCs may represent cells that have constitutively lower BAX 

levels. It is important to note that studies monitoring different susceptibility of RGC 

subtypes have only successfully examined a small fraction of the 30 or so different subtypes 

described in the mouse retina. Further study is needed to determine if BAX dosage is 

different among different subtypes of RGCs or if the extent of BAM activation is different 

between RGC subtypes.

What is the mechanism for the neuroprotective effect of BAX depletion? The mechanism of 

BAX-mediated MOMP has at least two distinct steps, translocation of BAX to the MOM 

and BAX dimerization and oligomerization leading to MOMP [35]. The translocation 

process is only partially understood. A recent study postulated that latent globular BAX 

molecules likely exist as dimers in an ensemble of different structures. These dimers need to 

be disassembled in order for BAX to translocate, a process that is presumed to occur by the 

interaction with active BH3-only proteins [36]. BH3-only proteins play an integral part in 

this early activation process, because they must also interact and antagonize the function of 

anti-apoptotic proteins such as BCL21L (BCL-X). The stoichiometry of all the different 

players in this process may be critically important, but not necessarily from the standpoint of 

BAX concentration. Semi-quantitative western blotting and quantitative PCR of mouse 

retina samples indicate that the concentration of anti-apoptotic molecules exceeds the 

concentration of BAX by several fold [36,37, this study]. Additionally, the transcript levels 

of Bcl2l1 are neither increased nor decreased in Bax+/− mouse retinas (this study). As a 

consequence, cell death requires the expression of sufficient BH3-only proteins to 

accommodate both functions of anti-apoptotic protein antagonism and BAX activation, 

which may explain the wide variety and redundancy of BH3-only proteins expressed by 

dying cells. How then could the depletion of BAX affect the activation process? One 

explanation may reside in studies that show that only some BH3-only proteins (BIM, 

PUMA, and NOXA) have the capacity to bind to BAX, and these actually have greater 

binding affinity for anti-apoptotic BCL2 family members [39]. It is possible that the 

reduction of latent BAX substrate, combined with the poor binding affinity of critical BH3-

only proteins, increases the activation energy of this reaction. Importantly, the studies 

reported here demonstrate that Bax+/− mice express the expected complement of BH3-only 

proteins.

The second component of MOMP is the formation of activated BAX dimers, and then large 

oligomers, in the MOM. A critical element of this step is that once activated, the BH3 

domain of BAX becomes exposed. Evidence suggests that BAX itself may function to 

activate more latent BAX molecules to amplify the recruitment of BAX to the MOM 

[37,40]. In this model, very few BAX molecules would conceivably need to be activated (or 

primed) by interaction with BH3-only proteins. This amplification step may also be affected 

by reduced BAX concentration, especially if the recruitment of BAX by primed BAX 

molecules was by random chance (i.e., primed BAX essentially snared other BAX molecules 

as they ventured close to the MOM). While clearly more studies are warranted to examine 

this mechanistic effect of reduced BAX concentration further, we predict that it is the initial 

interaction with BH3-only proteins that is the rate-limiting step for the following reasons.

Donahue et al. Page 11

Mol Neurobiol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



First, here we have shown that BAX depletion impairs BAX translocation to the MOM, 1 

week after ONC, similar to observations made in tissue culture cells expressing titrated 

levels of BAX [38]. As noted above, new evidence seems to correlate the activation of BAX 

by BH3-only proteins with the process of BAX translocation. Second, the majority of RGCs 

with depleted BAX do not die. This likely rules out the possibility that low levels of BAX 

are being primed and translocated, but that further recruitment is impaired, leaving cells with 

the appearance of cytosolic BAX. Studies in tissue culture cells show that MOMP occurs 

early in the BAX recruitment process, even before BAX puncta are detectable by light 

microscopy [41]. It is notable that caspase inhibitors provide only transient protection to 

RGCs [42,43]. Since MOMP releases cytochrome c, which activates the caspase cascade, we 

would expect even just priming BAX would be lethal to RGCs.

Aside from possibilities in which BAX activation is affected by reduced concentrations of 

this protein, there are other factors that may be affecting RGC susceptibility in Bax+/− mice. 

The concentration of BAX in a cell may have a role in determining cellular health, 

independent of the role of BAX in intrinsic apoptosis. Emerging evidence points to a role for 

BAX in regulating mitochondrial fusion and metabolic activity [18,20], and lower BAX 

levels may be optimal for this function. Therefore, the possibility that BAX depleted cells 

are intrinsically more resilient to apoptotic stimuli cannot be ruled out. Lastly, the protective 

effect of reduced BAX levels may occur from extrinsic factors, such as modified behavior 

from glial cells that extends their trophic support role. Reducing the BAX level is clearly 

protective, but the mechanism by which this occurs remains to be investigated.

BAM deactivation and atrophy of qRGCs

Our experiments show that Bax+/− RGCs exhibit a prolonged activation of the BAM, but that 

around 8 weeks after optic nerve damage, this activation becomes muted and even shuts 

down in surviving cells. The factors precipitating this shut down are not known. One 

possible explanation is that the principal damaging stimulus that signals RGCs to execute 

the apoptotic pathway is removed. This seems unlikely, if it is assumed that this stimulus is 

the starvation of retrograde neurotrophic molecules like brain-derived neurotrophic factor 

(BDNF), since there is no evidence that damaged RGCs have re-established their synaptic 

connections to visual centers in the brain. With respect to this concept, it may also be 

possible that the physiology of surviving RGCs changes where they no longer require a 

spectrum of neurotrophins considered essential for functioning RGCs. It has been well-

documented that Bax−/− RGCs exhibit atrophy, including nuclear shrinkage, the formation of 

heterochromatin, and the loss of RGC-specific gene expression [11,44–46] after optic nerve 

damage. The presumption is that these cells, while still alive, no longer have the capacity to 

function as RGCs. Interestingly, the deactivation of the BAM generally correlates with a 

quieting of the glial activation response, and it is reasonable to speculate that re-

establishment of the normal trophic functions of the retinal glial population may play an 

important role in supporting surviving RGCs in their quiescent state. Further work, however, 

is needed to assess the interaction between qRGCs and the retinal glia and to determine if 

these two events are related to one another. Alternatively, BAM deactivation may be 

dependent on some other factor like severity of initial injury, local glial activation, proximity 

Donahue et al. Page 12

Mol Neurobiol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the vasculature etc. Future studies could leverage Bax+/− RGCs to explore how these 

factors influence recovery from injury.

While a change in RGC physiology and renewal of glial support may account for the timing 

of deactivation the BAM, the process by which this happens may be, in some respects, 

absolute. This is demonstrated by the failure of anisomycin to reactivate phospho-cJUN in 

qRGCs. It is clear that some components of the BAM require transcriptional activation, such 

as the JUN-dependent expression of BH3-only genes. These genes may be epigenetically 

silenced, such as during the process of heterochromatin formation, a phenomenon that is 

driven in damaged RGCs by the activation of histone deacetylases [23,47,48]. Why 

surviving Bax+/− cells are able to maintain the necessary metabolic pathways for life but not 

the more complex signal transduction cascades associated with being a functional RGC must 

be explored further.

Bax deficient RGCs survive indefinitely after severe axonal injury [10] and are potential 

candidates for regenerative therapies. Lowering the concentration of BAX in a cell is a much 

more likely clinical paradigm than total knockout of the Bax gene. In spite of this, 

significant hurdles remain. The deactivation of the BAM and loss of RGC specific gene 

expression and failure of anisomycin to reactivate the JNK pathway clearly demonstrate that 

qRGCs atrophy even though they are no longer actively attempting to undergo apoptosis. A 

contributor to this quiescent state may be nuclear atrophy [45]. Together, these results 

suggest that significant rejuvenation will be necessary to return functionality to these cells. 

A recent study compared the regenerative potential of Bax−/− RGCs from immediately after 

to 8 weeks after ONC and found that there was no difference in regenerative potential 

between conditions [49]. Importantly, this study was conducted on cells right at the cusp of 

when we observe deactivation of the BAM, so it is not clear if they were still actively 

attempting to run the cell death program or had become quiescent. It remains to be seen 

whether or not this regenerative potential is greater, or can even be activated, in cells after 

they become quiescent. We anticipate that achieving such a condition is contingent upon 

reversing the quiescent state.

BAX as a therapeutic target for neurodegenerative disease

In this study, ONC model has been utilized to demonstrate that Bax+/− neurons are less 

susceptible to apoptosis after an acute axonal injury. RGCs are long projection neurons of 

the CNS, and therefore may represent a model that can inform a variety of other 

neurodegenerative conditions. This is relevant because BAX activation is implicated in 

numerous neurodegenerative diseases including Glaucoma, Alzheimer’s Disease, 

Parkinson’s Disease, Amyotrophic Lateral Sclerosis, Multiple Sclerosis, and peripheral 

neuropathies [50–54]. Thus, BAX activation is a conserved component of neurodegeneration 

and, therefore, the effect of BAX depletion on disease progression in a variety of diseases 

warrants further study.

Conclusion

Reducing, but not eliminating the level of BAX is effective at preventing apoptosis of RGCs 

following axonal injury. Damaged RGCs attempt to undergo apoptosis for several months 

Donahue et al. Page 13

Mol Neurobiol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



following injury but deactivate their BAM by 8–12 weeks after ONC. Targeting BAX 

activation may be a viable treatment option for neurodegenerative disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

RGC retinal ganglion cell

ONC optic nerve crush

MOM mitochondrial outer membrane

MOMP mitochondrial outer membrane permeabilization

BH3 BCL2-homology domain, 3

BAX BCL2 associated X, apoptosis regulator

BAM BAX activation mechanism

JNK c-JUN N-terminal kinase

DAPI 4’,6-diamidino-2-phenylindole

qRGC quiescent retinal ganglion cell
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Figure 1: Bax deficiency attenuates the loss of cells in the RGC layer following optic nerve crush 
(ONC)
The change in the density of neuronal cells in the retinal ganglion cell layer of an eye that 

had undergone ONC versus the contralateral control eye of the same mouse. The mean ± 

standard deviation is graphed for both Bax+/− (blue bars) and Bax+/+ (orange bars) mice. P 

values were calculated comparing groups to the 0 week timepoint by using a one sided t-test 

that assumed equal variance between groups. Cell loss appears to be slowly progressive in 

Bax+/− mice, but only reaches significance by 12 weeks post ONC (pONC). No further cell 

loss is evident even 24 weeks after crush. At no time point did cell loss in Bax+/− mice reach 

the level observed in wild type animals after 3 weeks. *P<0.05, ***P<0.001, n.s. = not 

significant. N = 5 mice per group for cohorts collected 3–12 weeks and N=3 for the cohort 

collected 24 weeks post ONC.
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Figure 2: AAV2/2-Pgk-GFP-Bax transduction of RGCs to monitor BAX activity in vivo
(A) Tiled image of a retina that has been transduced with AAV2/2-Pgk-GFP-Bax. Size bar = 

75 μm. (B-D) The GFP-BAX transgene is expressed in cells in the RGC layer, the majority 

of which are positive for the RGC marker BRN3A (asterisks indicate examples of co-

localization). GFP-BAX expressing cells that are not BRN3A positive (arrows) may 

represent displaced amacrines or some of the 15% of RGCs that do not express this marker 

[55]. Size bar = 10 μm. (E-G) Immunostained sections of a retina from a control eye. In 

healthy RGCs, GFP-BAX is localized throughout the cytosol (E). TOM20 staining shows 
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the distribution of mitochondria in these cells. (H-J) Following optic nerve crush, GFP-BAX 

translocates to the mitochondrial outer membrane, as evidenced by colocalization with 

TOM20, and exhibits a punctate pattern. Size bars in G and J = 5 μm.
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Figure 3: The apoptotic susceptibility of RGCs is determined by BAX dosage
(A,C) Representative images of AAV2/2-Pgk-GFP-Bax transduced cells in the contralateral 

(Con) eye of a Bax+/+ and Bax+/− mouse, respectively. Images are of DAPI stained, whole-

mounted retinas (B,D) Representative images of transduced cells in the eye 7 days post optic 

nerve crush (pONC) in a Bax+/+ and Bax+/− mouse, respectively. Arrows point to cells with 

punctate GFP-BAX localization. Size bar = 20 μm. (E) Box and whisker plots illustrating the 

percentage of GFP-BAX labeled cells that exhibit punctate localization of GFP-BAX in Bax
+/+ and Bax+/− genotypes after ONC. P values were calculated using a one sided t test, 

assuming equal variance between groups. Both genotypes exhibited significantly more cells 

with punctate GFP-BAX in the eyes that received ONC (relative to Con eyes), while 

significantly more cells were punctate in Bax+/+ mice compared to Bax+/− mice. *P<0.05, 

***P<0.001. N = 10 mice for Bax+/+ and 5 mice for Bax+/−. An average of 226 and 280 

GFP-BAX transduced cells were counted for each Bax+/+ and Bax+/− retina, respectively.
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Figure 4: The BAX activation mechanism is rapidly activated and then deactivated months after 
optic nerve crush.
(A-G) Representative images of the RGC layer at various times post optic nerve crush 

(pONC) in Bax+/− mice. The control retina depicts the contralateral eye. BRN3A (green) and 

phospho-cJUN (red) have been labeled using immunofluorescence and the nuclei have been 

labeled via DAPI staining (blue). Size bar = 30 μm. (H) Quantification of the percentage of 

nuclei in the RGC layer that are positively labeled for BRN3A (green bar), phospho-cJUN 

(red bar), or both (yellow). The total height of the bar at each time point represents the total 

percentage of cells in the RGC layer that were labeled with either immunofluorescent 
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marker. Error bars represent the standard deviation from the mean for each of the three 

labelling patterns. Bax+/+ mice exhibit rapid accumulation of phospho-cJUN after ONC, 

which declines by 2 weeks. This decline is accompanied by a similar decline in BRN3A 

staining cells, consistent with cell loss in these animals. Bax+/− mice exhibit a similar rapid 

accumulation of phospho-cJUN. These animals also exhibit a temporal decrease in phospho-

cJUN labeling, but this is not accompanied by a dramatic decrease in BRN3A staining. (I,J) 

Individual graphs of the data shown in (H) showing the percentage of cells labeled for 

BRN3A at various times after ONC in Bax+/+ and Bax+/− retinas. (K,L) Individual graphs of 

the data shown in (H) showing the percentage of cells labeled for phospho-cJUN at various 

times after ONC in Bax+/+ and Bax+/− retinas. Error bars represent the standard deviation 

from the mean. P values were calculated using a one sided t test, assuming equal variance 

between groups. *P<0.05, **P<0.01, ***P<0.001. N = minimum of 4 mice per group, 

except 1 week group for which N = 3 mice.
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Figure 5: Bax+/− and Bax+/+ retinas exhibit a similar transcriptional response of BAM related 
genes after optic nerve crush
The transcriptional responses of Bax+/+ retinas 3 days after ONC and Bax+/− retinas 1 week 

post optic nerve crush (pONC). The 3 day time point represents the time when a majority of 

BAM-related genes showed maximal changes in Bax+/+ mice (see Figure S1). A comparison 

of the changes in transcript abundance of BH3-only genes (A), transcripts expressed by 

activated glia (B), RGC specific transcripts (C) and transcripts expressed as a result of JUN 

directed transcription (D). Data is expressed as the mean, with error bars representing 

standard deviation. Transcript abundance changes were the same, or slightly lower, in Bax+/+ 
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mice compared to Bax+/− mice for all 4 groups of assessed genes. Bax+/+ data consists of the 

pooled average from 2 groups where 3 retinas were pooled for each group. Bax+/− data 

consists of the pooled average from 4 groups where 3 retinas were pooled for each group. 

Error bars represent standard deviation from the mean. P values were calculated using a one 

sided t test, assuming equal variance. *P<0.05.
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Figure 6: The relative abundance of Bcl2-family transcripts in whole retina after optic nerve 
crush
(A) The relative abundance of each Bcl2-gene family transcripts 3 days after ONC in Bax+/+ 

retinas and 1 week after ONC in Bax+/− retinas. Values were normalized to the least 

abundant transcript (Noxa in both genotypes, which was assigned a value of 1%). Both 

genotypes exhibit a similar relative abundance of transcripts for Bcl2-family genes, with the 

exception of Bax, which is reduced by approximately 45% in Bax+/− retinas. (B) The 

relative abundance of BH3-only gene transcripts from the same groups (delineated by a line 

in the graphs in (A)).
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Figure 7: The transcriptional activation in the retina associated with optic nerve crush gradually 
subsides in the months after injury
A comparison of the changes in transcript abundance of BH3-only genes (A), transcripts 

expressed by activated glia (B), RGC specific transcripts (C) and transcripts expressed as a 

result of JUN directed transcription (D) in Bax+/− retinas 1, 7, and 20 weeks post optic nerve 

crush (pONC). Data is expressed as the mean, with error bars representing standard 

deviation. Each bar combines data from 4 groups where each group contains cDNA derived 

from 3 pooled retinas. P values were calculated using a one sided t test, assuming equal 

variance. *P<0.05, **P<0.01, ***P<0.001.
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Figure 8: Damaged RGCs exhibit a diminishing capacity to activate exogenous BAX after optic 
nerve crush
(A-F) Representative images of AAV2/2-Pgk-GFP-Bax transduced retinas from Bax−/− 

mice. Contralateral control (Con) retinas principally contain cells with diffuse GFP-BAX 

(A,C,E), while retinas transduced either before (B) optic nerve crush (ONC) or 4 weeks after 

(D), exhibit an increase in cells with punctate GFP-BAX (arrows). Retinas transduced 8 

weeks after ONC, however, show no increase in the presence of punctate cells (F). Size bar 

= 30 μm. (G) Quantification of the percentage of GFP-BAX labeled cells that display a 

punctate localization of GFP-BAX. The X axis denotes when the mice were transduced with 
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AAV2/2-Pgk-GFP-Bax relative to ONC. For mice that were transduced before ONC (Pre-

Crush), ONC was performed 4 weeks after viral injection and the mice were analyzed 7 days 

after ONC. For mice transduced at the times indicated post-ONC (pONC), the data were 

analyzed after 4 additional weeks to allow for expression of the GFP-BAX transgene. 

Therefore mice transduced at 4 weeks pONC were analyzed at 8 weeks pONC, and mice 

transduced at 8 weeks pONC were analyzed at 12 weeks. ONC induced a significant 

increase in punctate GFP-BAX distribution in retinas transduced pre-crush and retinas 

transduced 4 weeks after ONC. Retinas transduced 8 weeks pONC showed no increase in 

punctate GFP-BAX labeling over background, suggesting the crush-induced BAX activation 

mechanism was no longer functioning. Error bars represent standard deviation from the 

mean. P values were calculated using a one sided t test, assuming equal variance between 

groups. n.s. = not significant, *P<0.05, ***P<0.001. N = 9 mice for the Pre-crush group, 7 

mice for the 4 week group and 7 mice for the 8 week group. An average of 434, 305, and 

320 cells were counted in each transduced retina for the Pre-Crush, 4 week post-crush and 8 

week post-crush groups, respectively. There was no significant difference in the average 

number of cells labeled per image between groups (Supplemental Figure 2).
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Figure 9: qRGCs do not respond to anisomycin treatment 20 weeks after optic nerve crush
(A-C) Images of the RGC layer (GCL) and inner nuclear layer (INL) of retinas from Bax+/− 

mice, where BRN3A (green) and phospho-cJUN (red) have been labeled using 

immunofluorescence and the nuclei have been labeled via DAPI staining (blue). Anisomycin 

stimulates wide-spread accumulation of phospho-cJUN in nuclei of cells in both layers 

within 1 day after injection (A). (B) Retina from a mouse 20 weeks post optic nerve crush 

(pONC) and 1 day after injection of vehicle showing minimal labeling for phospho-cJUN in 

either layer. (C) A retina, 20 weeks pONC, 1 day after anisomycin injection. Minimal 

phospho-cJUN labeling is detected in the GCL, but extensive labeling is observed in the 

INL. Size bar = 30 μm. (D) Quantification of the percentage of BRN3A positive cells that 

are also positive for phosphor-cJUN. The retinas of eyes injected with anisomycin at 20 

weeks pONC showed no significant increase in phospho-cJUN accumulation in RGCs 

compared to the vehicle injected 20 week pONC group. Error bars represent standard 

deviation from the mean. *P<0.05, **P<0.01, n.s. = not significant. 4 mice were used for the 

naïve cohort that received an anisomycin injection. The 20 week post-ONC groups 

contained 10 mice for each group.
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